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Abstract 
RNA-binding proteins (RBPs) and microRNAs (miRNAs) are key players in post-
transcriptional gene regulation in eukaryotes, however challenges still exist in studying 
their role in plant biology. MiRNAs are a class of small RNAs that negatively regulate 
gene expression in plants and animals. Their function can be investigated by using 
miRNA decoys, which are non-coding transcripts with one or multiple miRNA binding 
sites that act by competing with the endogenous target mRNAs. In this thesis, I have 
developed miRNA SPONGES (SPs), which have been proven effective in animal 
systems, to inhibit miRNAs in Arabidopsis and compared them to MIMICs and short 
tandem target mimics, two commonly used decoy methods in plants. I have found that 
SPs are able to generate strong loss-of-function phenotypes, however the efficacy of all 
decoys varies dramatically depending on the targeted miRNA, demonstrating that no one 
approach can guarantee the strongest inhibitory outcome. Furthermore, I show that decoy 
methods, similar to RNAi approaches, can have unintended off-target effects, 
necessitating molecular analyses to ascertain their impact on closely related miRNAs.    
The reasons for the differences in decoy efficacy are still unknown, but likely involve 
poor recognition of the decoy by the miRNA. MiRNA-target recognition is still 
predominantly based on sequence complementarity; however, it is becoming increasingly 
clear that this factor alone is not a reliable indicator of the strength of miRNA-target 
interactions. Here, I have investigated factors beyond complementarity in the Arabidopsis 
miR159-MYB system. The miR159 family is predicted to target more than twenty genes, 
of which only MYB33 and MYB65 are strongly regulated. These two genes contain strong 
putative RNA secondary structures upstream the miR159 binding site, which appear 
absent in poorly regulated target genes. By mutating these structures in MYB33, I show 
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that they are required for efficient miR159-mediated silencing. This demonstrates that 
target RNA secondary structure has a critical influence on miRNA regulation in plants 
and highlights the importance of factors beyond complementarity.  
Animal studies have shown that miRNA-target interactions can also be influenced by 
RNA-binding proteins (RBPs), however compared to miRNAs, RBPs are still poorly 
characterized, especially in plants. This is mostly due to their heterogeneity, which has 
rendered their study on a global scale challenging. In the last part of my thesis, I present 
the development of mRNA interactome capture for Arabidopsis, which allows the 
system-wide identification of proteins bound to mRNA in vivo. Using etiolated seedlings 
as source material, the approach identified more than 700 proteins in total, 300 of them 
with high confidence (False Discovery Rate below 1%). This has experimentally 
validated the RNA-binding activity of many bioinformatically predicted RBPs and 
identified a diverse set of novel plant RBPs. The latter group includes well-studied 
proteins such as signalling proteins, cytoskeleton-associated proteins and membrane 
transporters, as well as largely uncharacterized proteins such as ALBA and DUF1296 
domain proteins, suggesting the existence of many unknown RNA-protein interactions. 
This study represents the first mRNA interactome in plants and provides a vast resource 
for future studies investigating the function of RBPs.  
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1.1 Post-transcriptional regulation of gene expression 
Regulation of gene expression is a complex process that occurs on multiple levels and is 
fundamental to the functionality of all eukaryotic cells. Many studies have focused on 
factors involved in transcriptional regulation, including transcription factors, chromatin 
structure and gene regulatory elements such as promoters and enhancers. More recently, 
much attention has been given to post-transcriptional regulation, which appears just as 
important, being involved in all steps of the life of RNA molecules including processing, 
transport, localization, translation and decay. Post transcriptional regulation is achieved 
through various processes such as alternative splicing and polyadenylation, as well as 
RNA degradation, modification and editing. As the mechanisms of these processes are 
being elucidated, two major classes of molecules are emerging as key players - RNA-
binding proteins (RBPs) and non-coding RNAs, in particular small RNAs (sRNAs) such 
as microRNAs (miRNAs). RBPs and miRNAs both exert their action by binding to 
sequences or structures within their target RNA(s) and given their high abundance in all 
eukaryotes [Arabidopsis encodes for more than 300 RBPs (Silverman et al., 2013) and 
more than 250 miRNAs (miRBase)], it is not unreasonable to assume that most transcripts 
in a eukaryotic cell are under post-transcriptional regulation. Investigating the 
mechanisms by which RBPs and miRNAs work, how they interact and how they are 
regulated will be essential to obtain a better understanding of these vital regulatory 
processes.   
 
1.2 Plant miRNAs 
The discovery of small non-coding RNAs about two decades ago has revolutionized the 
field of post-transcriptional control and greatly expanded our understanding of how the 
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genome is regulated. An extensive class of endogenous sRNA are miRNAs, which are 
20-24 nucleotides (nt) long and function as negative regulators of gene expression in 
eukaryotes. In plants, miRNAs have been shown to play crucial roles in fundamental 
biological processes such as developmental timing, leaf and root morphology, and 
response to stress and environmental changes (Bartel and Chen, 2004; Xie et al., 2010; 
Sunkar et al., 2012). Perturbing miRNA function/expression can cause severe phenotypic 
abnormalities emphasizing the importance of miRNA regulation for plant development 
(Palatnik et al., 2003; Schwab et al., 2005; Jones-Rhoades et al, 2006).  
 
1.3 Biogenesis of plant miRNAs  
Plant miRNA genes (MIR) are typically derived from independent transcriptional units 
and transcribed by RNA polymerase II (Pol II) into a capped and polyadenylated primary 
transcript (pri-miRNA), which forms stem-loop structures with imperfect 
complementarity (Xie et al., 2005) (Figure 1.1). The pri-miRNA is then processed by 
DICER-LIKE 1 (DCL1), which forms a complex with the RBPs SERRATE (SE), 
HYPONASTIC LEAVES 1 (HYL1), TOUGH (TGH) and DAWDLE (DDL) that are 
required for accurate and efficient processing (Rogers and Chen, 2013). The resulting 
stem-loop precursor (pre-miRNA) is further processed into a miRNA:miRNA* duplex, 
where miRNA is the guide strand and miRNA* is the passenger strand (Voinnet, 2009; 
Xie et al., 2010). Processing of pri-miRNAs to pre-miRNAs appears to take place in 
nuclear processing centres called dicing-bodies (D-bodies) (Fang and Spector, 2007; 
Song et al., 2007). The plant exportin 5 ortholog HASTY then transports the miRNA 
duplex into the cytoplasm (Park et al., 2005), where the guide strand is incorporated into 
an ARGONAUTE (AGO) protein forming the RNA-induced silencing complex 
(miRISC), which directs silencing of complementary mRNAs (Figure 1.1) 
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(Ramachandran and Chen, 2008). Arabidopsis contains ten AGO proteins with AGO1 
being the predominant form that associates with miRNAs and mediates their function 
(Baumberger and Baulcombe, 2005). 
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Figure 1.1: Biogenesis and mode of action of plant miRNAs.  
MIR genes are transcribed by RNA Polymerase II (Pol II) into a primary miRNA (pri-
miRNA), which is presumably stabilized by DAWDLE (DDL). The pri-miRNA is then 
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processed into the miRNA precursor (pre-miRNA), which is further processed into the 
miRNA:miRNA* duplex. The duplex is then methylated by HUA ENHANCER 1 
(HEN1) and exported to the cytoplasm by HASTY. The processing reactions are carried 
out by DICER-LIKE 1(DCL1) and its two partner proteins SERRATE (SE), TOUGH 
(TGH) and HYPONASTIC LEAVES1 (HYL1). Finally, the guide strand of the duplex is 
loaded into ARGONAUTE1 (AGO1) forming a functional miRISC, while the passenger 
strand is degraded by the SMALL RNA DEGRADING NUCLEASE 1 (SDN1). The 
miRISC can then act by cleavage of target mRNAs and/or translational repression. 
 
 
 
1.4 Mechanisms of miRNA action  
In plants, miRNA-mediated silencing occurs through two major mechanisms: mRNA 
cleavage and translational repression (Chen, 2009). The cleavage mechanism is relatively 
well understood; AGO proteins contain an RNase H-like domain that possesses an 
endonucleolytic activity, which is responsible for miRNA-guided cleavage of target 
mRNAs (reviewed in Mallory and Vaucheret, 2010). Cleavage occurs at the 
phosphodiester bond opposite nucleotides ten and eleven of the miRNA in the miRNA-
mRNA duplex. Plant miRNAs can also translationally repress their target genes but the 
exact mechanism remains unknown (Chen, 2009). A third mode of miRNA action is 
degradation of target mRNAs by processes independent of AGO-catalyzed cleavage, such 
as deadenylation, decapping and exonucleolytic cleavage (Wahid et al., 2010). Although 
such mechanisms have only been reported in animals, they currently cannot be excluded 
from plants (German et al., 2008).  
 
Most plant miRNAs have highly complementary targets, while animal miRNAs typically 
share much lower complementarity with their targets (Millar and Waterhouse, 2005). In 
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general, it is thought that highly complementary miRNA:target pairs with central matches 
promote cleavage, while imperfectly matched pairs lead to translational repression. 
However, the degree of miRNA:target complementarity cannot always predict the 
prevalence of one process over the other (Brodersen and Voinnet, 2009). Furthermore, 
most plant miRNAs seem to act through a combination of target cleavage and 
translational repression adding significant flexibility and robustness to miRNA action 
(Voinnet, 2009). 
 
1.5 Investigating miRNA function 
Despite intense research efforts on miRNA regulation and their apparent importance, the 
biological roles of most miRNAs still remain to be precisely defined, mainly due to the 
lack of effective approaches to analyze their functions. Much of the functional analysis 
of miRNA-directed gene silencing has relied on gain-of-function approaches, such as 
miRNA overexpression (for review see Bushati and Cohen 2007; Garcia 2008). Although 
this approach has been informative, outcomes should be interpreted with caution. For 
instance, miRNA overexpression requires a transgenic approach often utilizing a strong 
constitutive promoter. Therefore, not only will the miRNA be mis-expressed, but also at 
artificially high levels and so potentially misrepresent the endogenous role of the miRNA. 
In plants, an alternative strategy to this has been the transgenic expression of miRNA-
resistant target genes, whereby using site-directed mutagenesis, silent mutations are 
introduced into the miRNA binding site rendering the target mRNA resistant to miRNA 
regulation (for review see Garcia 2008). Again, as a transgenic approach is required, the 
transgene may not be faithfully expressed, either in terms of its transcript level or spatial 
domain, even when expressed under its endogenous promoter, and therefore may 
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misrepresent the extent or importance of miRNA regulation (Allen et al., 2010). Hence, 
findings from these gain-of-function strategies require confirmation by the more standard 
approach of obtaining loss-of-function mutations in MIR genes. However, after almost a 
decade of study, there are still relatively few loss-of-function miRNA mutants reported 
in either plants or animals. Two likely contributing factors to this are that MIR genes are 
usually small and thus the chances of finding a mutation within these genes are low. 
Secondly, as most miRNAs are members of a small gene family, genetic redundancy 
between the family members has been a complicating factor. This makes isolating and 
generating combinatorial mutants in miRNA families with many members unfeasible, 
and consequently a loss-of-function approach was only carried out on families with few 
members (Allen et al., 2007; Sieber et al., 2007). Recently, a number of alternative 
methodologies have been developed in both plants and animals to inhibit miRNA 
function, generating loss-of-function effects.  
 
1.5.1 miRNA decoys – sequestration of miRNAs to disrupt miRNA:mRNA target 
interactions 
In both animal and plant systems, a similar principle has been employed to suppress 
miRNA activity. This is the introduction into the cell of an RNA sequence that has high 
complementarity to the miRNA of interest, and consequently sequesters or blocks the 
miRNA from interacting with the endogenous mRNA target(s), resulting in target 
deregulation (Figure 1.2A, B). Therefore, a loss-of-function effect is achieved through 
the presence of these decoy sequences.  
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The first method to block miRNA activity was the use of antagomirs in animal cell 
cultures, which are chemically modified oligonucleotides that are complementary to the 
miRNA of interest (Orom et al., 2006; Kruetzfeldt et al., 2005; Davis et al., 2006). 
However, antagomirs appear to only provide transient de-repression of the miRNA targets 
and are only able to block single miRNAs rather than whole miRNA families (Ebert et 
al. 2007). This concept of complementary miRNA binding sites has been extended by the 
development of miRNA SPONGES (SPs) that have been proven to be more effective at 
blocking miRNA activity in these transient systems (Ebert et al. 2007). SPs are transcripts 
that contain multiple miRNA binding sites either in a non-protein coding RNA or in the 
3’-UTR of a reporter gene (Figure 1.2E). They are usually placed under the control of 
strong promoters such as CMV or U6 as so to produce large quantities of the transcript 
(Ebert and Sharp 2010). SPs will then act by competing for miRNA binding, thereby 
perturbing endogenous miRNA:mRNA target interactions. Similar to endogenous targets, 
the specificity of SPs is mainly determined by the degree of complementarity to the seed 
region of the miRNA, and thus SPs can target entire miRNA families (Ebert et al., 2007).  
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Figure 1.2: General principles of decoy action.  
(A) In the absence of decoys, miRISCs can bind to target transcripts and repress their 
expression. (B) Decoy transcripts containing miRNA binding sites function as 
competitive inhibitors by preventing miRNAs from interacting with their primary targets, 
which leads to their de-repression. (C) Plant target MIMICS (MIMs) are transcripts with 
a 3 nt mismatch loop at the cleavage site, hence there is no phosphodiester bond that can 
be cleaved by the miRISC. This is thought to lead to the sequestration of the miRISC and 
thus to the inhibition of miRNA action (D) Short tandem target mimics (STTMs) are a 
modification of MIMs containing two MIM-like miRNA binding sites in tandem separated 
by a 48 nt spacer (E) Animal miRNA SPONGEs contain multiple miRNA binding sites 
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and act by distracting miRNAs from their primary target. The binding sites are usually 
located in the 3’ UTR of a reporter gene such as GFP (modified from Reichel et al., 2011).  
 
 
Several ramifications arise from the fact that SPs are able to work in animal cells. Firstly, 
it is likely that natural endogenous SPs regulating miRNA activity exist. Indeed, several 
have now been found. Firstly, natural miRNA SPs in the form of noncoding circular RNA 
have been discovered recently. The best studied example is human ciRS-7, a circular RNA 
that contains more than 70 binding sites for miR-7 (Hansen et al., 2013). Circular RNAs 
have also been identified in plants, but their function remains to be determined (Ye et al., 
2015).  
Another example is the long non-coding RNA PTENP1, which corresponds to a highly 
homologous pseudogene of the tumor suppressor gene PTEN. It contains miRNA binding 
sites within its 3’-UTR which are also found in the PTEN 3’-UTR (Poliseno et al., 2010). 
PTENP1 RNA competes for miRNA binding with PTEN thereby modulating PTEN 
expression. The importance of this relationship was shown in human cancer, where the 
PTENP1 locus undergoes copy number losses, correlating with a decrease in PTEN 
expression and an accelerated cell proliferation. Therefore, this pseudogene cannot be 
considered biologically inactive, but functions as a miRNA decoy through competing for 
miRNA binding. How widespread this endogenous sponge mechanism is still remains to 
be seen, but there seems no reason that this mechanism will be limited to pseudogenes. 
In animals, for instance, transfection experiments of miRNA and siRNA have found that 
increasing the number of target transcripts results in the decrease of miRNA-directed 
repression of those transcripts (Arvey et al. 2010). Therefore, it appears that the 
stoichiometry of the miRNA:target site relationship is a factor in considering the effects 
of miRNA-mediated gene silencing. This implies that the composition of the 
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transcriptome, which determines the abundance of target sites, might be a critical factor 
in the outcome of miRNA- or siRNA mediated silencing experiments.  
Moreover, regarding endogenous miRNA regulation, the observation that of the many 
bioinformatically predicted conserved miRNA targets, only relatively few appear 
physiologically significant as determined by loss-of-function experiments, has led to the 
hypothesis that these apparently unimportant miRNA target sites are conserved due to the 
fact that they modulate the level of the miRNA activity, thereby subtly effecting the 
physiologically significant miRNA:target relationship (Seitz 2009). The discovery of the 
PTENP1/PTEN relationship illustrates that this target site concept is possible in animals, 
however whether it applies in plants remains to be seen. 
 
What is often regarded as the equivalent of SPs in plants are (usually non-protein coding) 
transcripts containing an un-cleavable miRNA binding site known as target MIMICs 
(MIMs). To date, only one conserved naturally occurring target mimic has been reported 
(Franco-Zorrilla et al., 2007). INDUCED BY PHOSPHATE STARVATION 1 (IPS1) 
encodes a noncoding RNA that contains a highly complementary miR399 binding site 
with a 3-nucleotide bulge opposite nucleotides 10–11 of miR399 that prevents cleavage 
of IPS1 RNA. As a result, the miR399-RISC is sequestered leading to the de-repression 
of the primary miR399 target gene PHO2. As MIM transcripts are unable to be cleaved, 
this presumably sequesters the complementary miRNAs and thereby perturbs the 
primary-miRNA target mRNA interaction (Figure 1.2C) (Franco-Zorrilla et al. 2007). 
Such a ‘‘non-productive’’ interaction appears to facilitate the degradation of the target 
miRNA (Todesco et al. 2010), which is similar to SPs in animals that reduce target 
miRNA levels, in some cases to undetectable levels (Sayed et al. 2008). However, in 
contrast to animal SPs that usually have 4–10 repeats of a binding site, the efficacy of 
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MIM transcripts appears as such that only one binding site is sufficient for strong and 
robust inhibition of miRNA activity. This was shown by the recent modification of the 
IPS1 gene to generate 73 artificial target MIMs to inhibit the majority of known miRNA 
families/subfamilies in Arabidopsis (Todesco et al., 2010). From this experiment, 
expression of 15 MIMs resulted in altered rosette phenotypes, defining roles in 
development not previously ascribed for some of the corresponding miRNA families, or 
confirming the role in rosette development that had been previously established using 
other approaches.  
As some MIMs failed to result in loss-of-function effects, short tandem target mimics 
(STTMs) were developed as a modification of the MIM approach (Yan et al., 2012). 
STTMs contain two MIM sites in tandem, which are separated by a 48 nt spacer sequence 
(Figure 1.2D). STTMs have been used against several miRNAs and two trans-acting 
small interfering RNAs causing loss-of-function effects for both of these sRNA classes 
(Yan et al., 2012). Therefore, both MIMs and STTMs can be used to inhibit miRNAs in 
plants and are able to affect all paralogous miRNA family members, thus overcoming any 
redundancy.  
 
 
1.6 Factors influencing miRNA target recognition 
Plant decoys are designed to have highly complementary miRNA binding sites (except 
for the central mismatches or bulges), which is based on the fact that plant miRNAs 
typically have highly complementary targets, while targets with low complementarity are 
generally poorly or not regulated (Figure 1.3A). This was experimentally determined by 
Schwab et al. (2005), formulating the empirical parameters that govern miRNA target 
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recognition in plants, which are purely based on sequence complementarity between the 
miRNA-target mRNA pairs. Many experimentally validated miRNA targets satisfy these 
parameters (Liu et al., 2014) and therefore they have been widely accepted and 
incorporated into many bioinformatic programs that predict miRNA targets, such as the 
frequently used Plant Small RNA Target Analysis Server (psRNATarget) 
(http://plantgrn.noble.org/psRNATarget/; Dai and Zhao, 2011). Even though 
computational analyses led to the identification of many miRNA targets, there are often 
discrepancies between bioinformatic predictions and functional evidence, demonstrating 
that the requirements for functional interactions between miRNAs and their targets are 
not fully understood yet. 
 
1.6.1 Target accessibility and target site structure  
While little attention has been given to factors beyond sequence complementarity in 
plants, they have been studied much more extensively in animals. For example, studies 
have shown that mutations which change the miRNA binding site structure and thereby 
decrease binding site accessibility disrupt efficient cleavage and translational repression 
in animals, similar to mutations disrupting sequence complementarity (Ameres et al., 
2007; Kertesz et al., 2007). Another example that sequence complementarity is not a 
reliable predictor of functional miRNA-target interactions is the Caenorhabditis elegans 
miRNA lys-6, which can regulate its target only when the binding site is located in a 
specific 3’UTR context (Didiano and Hobert, 2006). Similarly, functional interactions 
between the miRNA let-7 and two binding sites within the target mRNA lin-41 is 
dependent on the spacer sequence between the binding sites (Vella et al., 2004). 
Furthermore, it was found that the A/U content of the flanking regions of the miRNA 
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binding site plays a role in miRNA-target interactions, possibly by changing the 
secondary structure of the target mRNA (Figure 1.3B) (Grimson et al., 2007; Hausser et 
al., 2009; Sun et al., 2010). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.3: Factors influencing miRNA action.  
(A) Sequence complementarity is assumed to be the prerequisite for strong miRNA 
regulation, while low complementarity usually leads to poor miRNA regulation. (B) 
Sequence context can affect target mRNA secondary structure and thus binding site 
accessibility and miRNA regulation. (C) RNA-binding proteins (RBPs) can influence 
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miRNA regulation by competing for the same or adjacent binding sites thereby blocking 
the miRNA from accessing its target. Binding of RBPs can also cause a change in target 
site structure rendering the binding site accessible for miRNA regulation. 
 
 
These factors are less well studied in plants, but two studies have produced indirect 
evidence that target site accessibility is relevant to miRNA activity. Gu and colleagues 
(2012) found a synonymous codon bias favouring AU-richness, and hence reduced 
secondary structure, around predicted miRNA target sites in several plant species. In 
Arabidopsis, Li et al. (2012a) have found that miRNA binding sites are generally less 
structured than their flanking regions, indicating a preference for high accessibility. 
However, both studies were focused on predicted rather than validated miRNA target sites. 
As computationally predicted targets often differ from experimentally determined targets, 
the trends from these studies can only serve as an estimate and need to be verified for bona 
fide miRNA targets. To date, the only direct in vivo evidence of factors beyond 
complementarity impacting plant miRNA regulation is provided in a study from our own 
group (Li et al., 2014a) showing that the sequences context of the miRNA binding site is 
important for miRNA regulation (more details in Chapter 5). 
 
1.6.2 RNA-binding proteins in miRNA function 
As mentioned above, RBPs play important roles in regulating miRNA biogenesis. The zinc-
finger protein SE and the dsRNA-binding domain protein HYL1, which are part of the 
DCL1 complex, interact with pri-miRNAs and are necessary for accurate and efficient 
miRNA processing by DCL1 (Dong et al., 2008, Kurihara et al., 2006) (Figure 1.1). In 
addition to its role in miRNA biogenesis, SE is also involved in the splicing of a subset of 
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pre-mRNAs (Laubinger et al., 2008). Furthermore, the ssRNA-binding proteins DAWDLE 
(DDL) and TOUGH (TGH) were shown to bind pri-miRNAs and have been proposed to 
help facilitate the interaction between pri-miRNAs and DCL1 (Ren et al., 2012; Yu et al., 
2008).  
In addition to the functions of RBPs in miRNA biogenesis, they can also influence miRNA-
mediated regulation by competing for the same or an overlapping binding site within a 
transcript. In humans for example, the RBPs DEAD END I (DND1) and Human Antigen 
R (HuR) are able to bind to the 3’UTR of miRNA-regulated transcripts and thereby block 
miRNA silencing (Young et al., 2012; Epis et al., 2011; Bhattacharyya et al., 2006; Kedde 
et al., 2007) (Figure 1.3C). Apart from these antagonistic effects, RBPs and miRNAs can 
also have synergistic effects on mRNA repression, as exemplified the pyrimidine-tract 
binding (PTB) protein that can modulate the structure of a target gene of let-7b to enable 
binding (Xue et al., 2013). Another example is the RNA helicase MOV10 (Moloney 
Leukemia Virus 10 protein), which unwinds GC-rich secondary structures in the vicinity 
of miRNA binding sites thereby facilitating miRNA regulation (Kenny et al., 2014) (Figure 
1.3C). 
 
1.7 RNA-binding proteins are poorly characterized in plants 
Much less is known about the interplay between miRNAs and RBPs in plants, where RBPs 
as a whole are still poorly characterized. Although they play important roles in virtually all 
aspects of the life cycle of RNA molecules from synthesis to decay (Glisovic et al., 2008; 
Keene, 2007), currently most studies on post-transcriptional regulation in plants are 
focused on sRNAs, while RBPs have been comparatively ignored. This is due to the fact 
that sRNAs and their target genes are relatively easy to identify through various methods 
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of next-generation sequencing and bioinformatic analyses (Ma et al., 2015; Liu et al., 
2014; Nobuta et al., 2010). In contrast, RBPs correspond to a biochemically diverse and 
complex collection of proteins that interact with RNA via a number of different 
mechanisms and due to this heterogeneity, the aforementioned approaches cannot be 
applied to RBPs, which has rendered their study on a global scale difficult.  
The Arabidopsis genome contains approximately 300 putative RBPs (TAIR 10 database; 
Silverman et al., 2013), which have mostly been identified based on homologies to known 
RBPs from other kingdoms. A small number of these proteins have been functionally 
characterized to date, where they have been shown to play key roles in important plant 
traits such as flowering, response to stress, circadian rhythm and genome organization 
(Lorkovic, 2009; Bailey-Serres et al., 2009). However, the vast majority of predicted 
plant RBPs have not been experimentally validated, let alone functionally characterized. 
Thus, it remains to be determined how many predicted RBPs are in fact genuine and what 
non-canonical RBDs exist in plants, as there has been no global, unbiased experimental 
approach taken to determine the cohort of plant RBPs (Silverman et al., 2013). 
 
1.8 Global identification of RBPs using mRNA interactome capture  
Attempts to study RBPs on a system-wide level have included the use of protein micro-
arrays (Scherrer et al., 2010; Tsvetanova et al., 2010) and stable isotope labelling by 
amino acids in cell culture (SILAC) (Butter et al., 2009) to identify peptides bound to 
RNA probes. However, these are in vitro approaches and thus might not reflect 
biologically significant interactions. It was not until the “mRNA interactome capture” 
method was developed (Castello et al., 2012; Baltz et al., 2012), that the in vivo RNA-
bound proteome of cells could be determined. In the first step of mRNA interactome 
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capture, proteins are covalently coupled to RNA using UV light irradiation (254 nm), 
which leads to crosslinks between naturally photoreactive nucleotide bases and specific 
amino acids such as Phe, Trp, Tyr, Cys and Lys (Brimacombe et al., 1988; Hockensmith 
et al., 1986) (Figure 1.4). The advantage of using UV light is that it only crosslinks 
proteins that are in direct contact with RNA, but does not induce protein-protein cross-
links. Next, cells are lysed under denaturing conditions and mRNA-protein complexes 
are isolated with oligo(dT)-coupled magnetic beads. Finally, proteins are released by 
RNase treatment and identified by mass spectrometry (MS).  
 
 
 
 
 
 
Figure 1.4: Overview of mRNA interactome capture. 
After in vivo cross-linking of RNA and proteins using 254 nm UV light, cells are lysed 
under denaturing conditions and mRNA-protein complexes are captured with oligo(dT) 
beads. Isolated mRNA-protein complexes are then treated with RNase and proteins are 
identified via quantitative mass spectrometry. 
 
The initial application on human HeLa and HEK293 cells has made enormous 
contributions to RNA biology, including validation of predicted RNA-binders and 
identification of hundreds of novel RBPs (Castello et al., 2012; Baltz et al., 2012). For 
instance, a large number of metabolic enzymes were identified as RNA-binding, 
revealing a possible new post-transcriptional layer that involves cross-talk between 
metabolism and gene expression. Other newly identified RBPs have been previously 
linked to disease, suggesting that altered RNA-binding functions may underlie these 
In vivo UV cross-
linking (254 nm) 
Cell lysis under 
denaturing conditions 
Oligo(dT) 
capture 
RNase 
treatment 
Quantitative 
mass 
spectrometry 
  
AAA 
  
AAA 
  
In
te
n
s
it
y
 
m/z 
AAA 
TTT 
 
 
33 
 
pathogeneses. Since its development, mRNA interactome capture has been performed on 
several other mammalian cell lines (Liao et al., 2016; Beckmann et al., 2015; Kwon et 
al., 2013), C. elegans (Matia-Gonzalez et al., 2015), Drosophila melanogaster (Wessels 
et al., 2016) and Saccharomyces cerevisiae (Beckmann et al., 2015; Mitchell et al., 2013; 
Matia-Gonzalez et al., 2015).  
However, for plants, mRNA interactome capture presents a number of challenges. Firstly, 
although in vivo UV crosslinking of proteins to RNA has now been reported hundreds of 
times in animals and yeast (Wang et al., 2015), there have only been several reports in 
plants (Lorković et al., 2000; Lambermon et al., 2000), where formaldehyde has generally 
remained the reagent of choice. For instance, UV crosslinking and immunoprecipitation 
followed by high-throughput sequencing (HITS-CLIP) has become a widely established 
method for determining miRNA targets in animal cells, but successful applications in 
plants have yet to be published. This is possibly due to the abundance of UV-absorbing 
molecules, such as chlorophyll, and other secondary metabolites in the plant. Due to these 
difficulties, the information on plant RBPs is still limited, but their investigation will be 
crucial to obtain a better understanding of post-transcriptional gene regulatory processes 
in plants.  
 
1.9 Scope and aims of the thesis 
Despite the fundamental importance of post-transcriptional gene regulation, many aspects 
remain poorly understood. This thesis aims to investigate the impact and scope of two 
major players in post-transcriptional regulation in plants - miRNAs and RBPs.  
 
 
34 
 
As the biological role of many miRNAs is still unknown, the first part of this thesis 
(Chapters 3 and 4) aimed to develop SPs as a new decoy tool for investigating miRNA 
function in plants. I generated SPs against two miRNA families in Arabidopsis and 
compared their efficacy and specificity to the currently available MIM and STTM 
methods. I found that SPs are able to induce strong loss-of-function phenotypes and thus 
can be used as an alternative to existing decoy methods. However, SPs as well as MIMs 
and STTMs all show varying efficacies for different miRNAs, demonstrating that no one 
approach works equally well for all miRNAs.  
The differences in decoy efficacies highlight our incomplete understanding of miRNA-
target recognition and the limitations of only considering sequence complementarity, 
which decoy design is based on. Therefore, in Chapter 5, I investigated the role of factors 
beyond complementarity in plant miRNA regulation using the Arabidopsis miR159-MYB 
system. I found that the two main targets of miR159, MYB33 and MYB65, contain strong 
putative RNA structures upstream the miR159 binding site, which appear to be conserved 
across species. Using a mutational approach, I show that these structures are critical for 
efficient miRNA silencing of MYB33, demonstrating the importance of target site 
structure in plant miRNA target recognition.  
Secondary RNA structures can in some instances serve as platforms for RBPs, but little 
is known about RBPs in plants. To shed more light on this important group of proteins, 
in the final part of my thesis (Chapter 6) I adapted the recently developed mRNA 
interactome capture method for use in Arabidopsis and established the first mRNA-bound 
proteome in plants. This provides the first in vivo evidence of the RNA-binding activity 
of many predicted plant RBPs and led to the identification of many proteins not 
previously known to bind RNA.  
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CHAPTER 2 
Materials and methods 
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2.1 Plant materials and growth conditions 
Arabidopsis thaliana ecotype Columbia-0 (Col-0) was used in all experiments and is 
referred to as wild-type. The myb33 mutant is in ecotype Col-6 with a glaborous 1 
background mutation leading to a no trichome phenotype (Millar and Gubler, 2005). The 
mir159a and mir159ab mutants are in a Col-0 background and represent T-DNA insertion 
loss-of-function mutants, which have been described previously (Allen et al., 2007). 
 
After harvesting, seeds were dried and sterilized using a vapour-phase method, where 
seeds were placed into a desiccator jar and exposed to chlorine gas, which was prepared 
by mixing 100 mL commercial bleach with 3 mL concentrated HCl, for 3-4 hours. 
Sterilized seeds were either sown on soil (Debco Plugger soil mixed with Osmocote Extra 
Mini fertilizer at 3.5 g/L), or on agar plates containing Murashige and Skoog Basal 
Medium (2.2 g/L, pH 5.8), and stratified for 48 hr at 4°C in the dark. When required, 
seeds were washed once with 70% ethanol followed by three washes with sterilized water 
before being sown on plates. Plants were grown in 22°C growth cabinets under long day 
conditions (16 hr light/8 hr dark, 150 μmol/m2/sec).  
 
2.2 Gateway cloning 
2.2.1 Generation of decoy constructs 
All SP and STTM sequences, including Gateway recombination sites, were synthesized 
[GenScript (USA) or IDT (USA)] and cloned into the Gateway donor vector pDONR/Zeo 
(Invitrogen) to generate entry vectors using the Gateway BP Clonase II enzyme mix 
(Invitrogen) according to the manufacturer’s instructions, except that the recombination 
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reaction was performed overnight. The artificial target mimics MIM159, MIM319 and 
MIM165/166 (Todesco et al., 2010) were obtained from the European Arabidopsis Stock 
Centre (NASC) and also sub-cloned into pDONR/Zeo via Gateway BP reaction.  
The BP enzyme reaction mixture was transformed into E. coli Alpha-Select Gold 
Efficiency competent cells (Bioline) by heat shock. After recovery at 37°C for one hour, 
the bacteria were grown overnight at 37°C on low salt Luria Broth (LSLB) plates 
containing Zeocin (Invitrogen) at a concentration of 50 μg/mL. Positive clones were sub-
cultured overnight in liquid LSLB at 37°C, and plasmids were extracted from the culture 
using AxyPrepTM Plasmid Miniprep Kit (Axygen) following the manufacturer’s 
protocol. Plasmids were then screened by restriction enzyme digest and subjected to 
sequencing using ABI PRISM BigDye Terminator v3.1 cycle sequencing kit (Applied 
Biosystems) under the recommended cycling conditions to verify the integrity of the 
sequences cloned. The sequencing products were precipitated and analyzed at John Curtin 
School of Medical research, Australian National University, Canberra. 
Confirmed entry clones were then sub-cloned into the Gateway destination vector 
pMDC32 (Curtis and Grossniklaus, 2003) to generate corresponding expression vectors 
using the Gateway LR Clonase II enzyme mix (Invitrogen) according to the 
manufacturer’s instructions, except that the recombination reaction was performed 
overnight. The LR enzyme reaction mixture was transformed into E. coli DH5 alpha 
electro-competent cells by electroporation. Transformed bacteria were grown overnight 
at 37°C on LB plates containing Kanamycin at a concentration of 50 μg/mL, and positive 
clones were sub-cultured in liquid LB overnight. After plasmid extraction, the expression 
vectors were screened by restriction enzyme digest. 
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2.2.2 Generation of MYB33 m/rSL1+2 and mMYB33 rSL1+2 
To generate MYB33 m/rSL1+2, a 787 bp genomic fragment of MYB33 containing the 
respective mutations was synthesized by IDT (USA). Synthesized fragments were 
sequenced to verify their integrity and then cloned into a 4356 bp MYB33 genomic 
fragment in the pDONR/Zeo vector (Li et al., 2014a) using the restriction enzymes BspEI 
and StuI. For the construction of mMYB33 rSL1+2, site-directed mutagenesis using 
primers that contain mutations in the miR159 binding site (Primer table 2) was performed 
on confirmed MYB33 rSL1+2 entry vectors as described below.  
Entry vectors were confirmed by restriction enzyme digestion and sequencing as 
described above, and recombined into the destination vector pMDC123 (Curtis and 
Gorssniklaus, 2003) through Gateway LR reaction according to the manufacturer’s 
instructions. Expression vectors were verified through restriction enzyme digest.  
 
2.2.3 Generation of MYB101/81 SL1+2 and mMYB101/81 SL1+2 
To generate MYB101 SL1+2, the whole MYB101 coding sequence (1473 bp) plus 12 nts 
of the 5’ UTR and 3’ UTR were synthesized by IDT. For MYB81 SL1+2, the MYB81 
genomic sequence (1361 bp) plus 15 nt of the 5’ UTR and 9 nt of the 3’ UTR were 
synthesized by IDT (USA). Synthesized genes included the mutations to create SL1+2, 
as well as Gateway recombination sites, and were sub-cloned into pDONR/Zeo via 
Gateway BP reaction. 
For the construction of mMYB101/81 SL1+2, site-directed mutagenesis using primers that 
contain mutations in the miR159 binding site was performed on confirmed MYB101/81 
SL1+2 entry vectors as described below.  
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All entry vectors were verified through sequencing and restriction enzyme digest as 
described above and recombined into the Gateway destination vector pGWB602Ω 
(Nakamura et al., 2010) through Gateway LR reaction. Expression vectors were verified 
through restriction enzyme digest.  
 
2.3 Site-directed mutagenesis 
For construction of mMYB33 rSL1+2 and mMYB101/81 SL1+2, a mutagenesis approach 
based on Liu and Naismith (2008) was performed on confirmed MYB33 rSL1+2 and 
MYB101/81 SL1+2 entry vectors, respectively. Each pair of forward and reverse primers 
contained non-overlapping sequences at 3’ end and complementary sequences at the 5’ 
end, to minimize primer dimerization and enable primers to use the PCR products as the 
template. The non-overlapping sequences were larger than the complementary sequences 
and had a 5-10°C higher melting temperature. The mutation sites were placed in both the 
complementary region and non-overlapping region. PCR reactions were then performed 
using KOD Hot Start DNA Polymerase (Novagen) with 50 ng of plasmid template, 100 
ng forward primer and 100 ng reverse primer, at the cycling conditions recommended by 
the manufacturer. The PCR products were analysed by agarose gel electrophoresis and 
digested with 2 μL DpnI enzyme at 37ºC for 3-4 hours. After digestion, the PCR products 
were purified using Wizard® SV Gel and PCR Clean-Up System (Promega) and 
transformed in E. coli Alpha-Select Gold Efficiency competent cells (Bioline) by heat 
shock. Plasmids from positive clones after antibiotic selection (Zeocin 50 μg/mL) were 
extracted and confirmed by restriction enzyme digestion and sequencing. 
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2.4 Transformation of Arabidopsis 
All expression vectors were transformed into Agrobacterium tumefaciens strain GV3101 
by electroporation (Hellens et al., 2000), and incubated on LB plates containing 
Rifamycin (50 μg/mL), Gentamicin (25 μg/mL) and the appropriate antibiotic for plasmid 
selection (50 μg/mL) at 28°C for 48 hours. Single colonies were then subcultured in a 50 
mL liquid LB containing the same antibiotics for selection. After growth at 28°C for 20 
hr, plasmid was extracted from the culture using AxyPrepTM Plasmid Miniprep Kit 
(Axygen), following the manufacturer’s instructions, but the volume of each reagent used 
was increased by 50%. The integrity of the vector was confirmed by restriction enzyme 
digestion on the extracted plasmid. Then, 1 mL of the remaining culture was inoculated 
into a 250 mL liquid LB culture with 25 μg/mL Gentamicin and 50 μg/mL of antibiotic 
for plasmid selection, and incubated for 20 hr at 28°C with constant shaking at 220 r.p.m. 
Agrobacterium was then harvested by a 20 min centrifugation at 5,000 r.p.m, and 
resuspended in 500 mL infiltration medium containing 5% sucrose and 0.03% surfactant 
Silwet L-77 (Clough and Bent, 1998). The aerial parts of the plants including rosettes 
were dipped into the Agrobacterium solution for 20-30 sec ensuring all the floral organs 
were submerged. If a higher transformation efficiency was needed, Agrobacterium was 
resuspended in 50 mL infiltration medium and the solution was dropped directly onto 
unopened flower buds.  
Plants were then covered with plastic bags and kept in the dark for 24 hours at room 
temperature before being placed back into the growth chamber. Seeds were harvested 
after about 6 weeks and sterilized as described above. Transformants were selected by 
growing seeds on agar plates containing Murashige and Skoog Basal Medium and 
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antibiotics for selection. After 7-10 days of growth, transformants were identified and 
transplanted onto soil. 
 
2.5 RNA extraction 
TRIzol® (Invitrogen) was used for RNA extraction of tissues from plants at different 
growth stages. The extraction procedure was carried out as per manufacturer’s 
instructions except the following modifications: (1) Approximately 500 mg of plant 
material was used with 1 mL of TRIzol reagent for each extraction; (2) Homogenization 
of tissues was carried out using a mortar and pestle; (3) The chloroform extraction step 
was repeated once; (4) Precipitation of RNA was carried out overnight at -20°C to 
maximize the recovery of small RNAs. The concentration of each sample was measured 
using a Nanodrop spectrophotometer. The quality and integrity of purified RNA was then 
examined by denaturing a 1 μg sample with RNA loading buffer at 65°C for 5 mins, 
followed by 1% agarose gel electrophoresis. 
 
2.6 DNase treatment of RNA samples 
RQ1 RNase-Free DNase (Promega) was used to treat RNA samples for qRT-PCR, except 
those for TaqMan sRNA assays. 20-100 μg of total RNA was treated for each sample 
following the protocol provided, with the addition of RNaseOut Recombinant RNase 
Inhibitor (Invitrogen) at a concentration of 1 μL/10 μg RNA. Treated RNA was then 
purified using RNeasy Plant Mini Kit (QIAGEN) following the manufacturer’s 
instructions. The integrity of RNA was then examined on a 1% agarose gel as described 
above.  
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2.7 cDNA synthesis 
cDNA synthesis was carried out using SuperScript® III Reverse Transcriptase 
(Invitrogen) and an oligo dT primer according to manufacturer’s protocol. For each 
sample, 500 ng - 5 μg of total RNA was used. The 20 μL reaction was then diluted 50 
times in nuclease free distilled water and used for subsequent qRT-PCR. 
 
2.8 Quantitative real-time PCR (qRT-PCR) 
For qRT-PCR, 10 μL of SensiFAST ™ SYBR No-Rox mix (Bioline) with 0.8 μL of 
forward and reverse primers at 10 μmol each was added to 9.2 μL of cDNA. All qRT-
PCR reactions (for both reference and genes of interests) were carried out on a Rotor-
Gene Q real time PCR machine (QIAGEN) in triplicate, under the following cycling 
conditions: 1 cycle of 95°C/5 min, 45 cycles of 95°C/15 sec, 60°C/15 sec, 72°C/20 sec. 
Fluorescence was acquired at the 72°C step. A 55°C to 99°C melting cycle was then 
carried out. CYCLOPHILIN 5 (At2g29960) was used to normalise mRNA levels using 
the comparative quantitation program in the Rotor-Gene Q software package provided by 
QIAGEN. The value for each gene represents the average of triplicate assays. 
 
2.9 QRT-PCR assays for mature miRNAs 
TaqMan sRNA assays (ABI) were used to measure mature miRNA levels according to 
the manufacturer’s instructions, except for the following modifications: (1) For each RNA 
sample, the retro-transcription was multiplexed with looped-RT primers for both the 
miRNA and the control sRNA snoR101. (2) The cDNA synthesized (15 μL) was diluted 
with 86.4 μL nuclease-free distilled water, and 9 μL of the diluted cDNA was used in 
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each PCR reaction. Each cDNA was assayed in triplicate using a Rotor-Gene Q real time 
PCR machine (QIAGEN) under the cycling conditions described above. Expression 
levels of all miRNAs were normalized to snoR101 using the comparative quantitation 
program provided by the Rotor-Gene Q software (QIAGEN). 
 
2.10 mRNA-protein interactome capture 
2.10.1 Plant growth 
Arabidopsis thaliana ecotype Columbia (Col-0) seeds were sown on plates containing 
half-strength MS medium and stratified in the dark at 4°C for 48 hours. Plates, wrapped 
in aluminium foil, were then placed into 22°C growth cabinets for 4 days.  
 
2.10.2 UV-crosslinking 
For in vivo cross-linking (CL), plates of four-day old etiolated seedlings were placed on 
ice and irradiated in a Stratalinker (Stratagene) with 254 nm UV light at 150 mJ/cm2. The 
irradiation was performed three times with a one-minute pause in-between treatments. 
Seedlings were harvested immediately after irradiation and frozen in liquid N2. Seventy 
plates (height x width: 90 x 15 mm) with around 200 seedlings per plate were used per 
replicate.  
 
2.10.3 Cell lysis and oligo-dT capture 
Frozen tissue was then ground into fine powder in liquid N2 and resuspended in lysis 
buffer (20 mM Tris HCl pH 7.5, 500 mM LiCl, 0.5% LiDS, 1 mM EDTA, 0.02% NP-40, 
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5 mM DTT, 2.5% (w/v) PVP40, 1% (v/v) beta-mercaptoethanol, 1× EDTA-free Roche 
protease inhibitor). The lysate was cleared by passing it through a QIAshredder column 
(QIAGEN), centrifuging for 2 min at 14 000 r.p.m. Non-crosslinked seedlings (noCL) 
were processed side-by-side as a control. Aliquots from the lysate (input) were taken for 
quality controls (silver stain, western blot) and for protein identification by mass 
spectrometry (MS) (referred to as input proteome).   
RNA-protein complexes were isolated using oligo(dT)25 magnetic beads (beads from 
500 µL original bead suspension, New England Biolabs), by incubating for 1 hour at 4°C 
on a rotator (lysate should not be frozen before oligo(dT) capture). Beads were collected 
on a magnet and washed twice with 1 mL of lysis buffer, followed by two washes with 1 
mL of buffer I (20 mM pH 7.5 Tris HCl, 500 mM LiCl, 0.1% LiDS, 1 mM EDTA, 0.02% 
NP-40, 5 mM DTT), buffer II (20 mM pH 7.5 Tris HCl, 500 mM LiCl, 1 mM EDTA, 
0.02% NP-40, 5 mM DTT) and buffer III (20 mM pH 7.5 Tris HCl, 200 mM LiCl, 1 mM 
EDTA, 5 mM DTT) for 5 min at 4°C on a rotator. RNA-protein complexes were eluted 
by incubating the beads with 200 µL of elution buffer (20 mM pH 7.5 Tris HCl, 1 mM 
EDTA) at 50°C for 3 min. After elution, oligo(dT) beads were reactivated in lysis buffer 
according to the manufacturer’s recommendations, a second round of oligo(dT) capture 
was performed for each sample and the two eluates were combined. 
 
2.10.4 Proteinase K treatment, RNA extraction and qRT-PCR 
An aliquot of the eluate (10%) was taken for qRT-PCR analysis, where it was 
supplemented with ¼ volume of 5× Proteinase K buffer (50 mM pH 7.5 Tris HCl, 750 
mM NaCl, 1% SDS, 50 mM EDTA, 2.5 mM DTT, 25 mM CaCl2) and treated with 
Proteinase K (Roche) at a final concentration of 1 µg/µL at 37°C for 1 hour.  
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RNA was then extracted using TRIzol (Thermo Fisher) and RNA quality was analyzed 
on an RNA pico chip using a Bioanalyzer (Agilent Technologies). RNA from inputs was 
extracted side-by-side. 0.5-1 µg of RNA was used for cDNA synthesis with random 
hexamer primers and SuperScript III (Invitrogen) following the recommended protocol. 
The 20 µL cDNA reaction was diluted 1:2 with ultra-pure water for measuring mRNAs 
and 1:2000 for measuring rRNAs using qRT-PCR.  
2 µL of diluted cDNA was added to 5 µL of Fast SYBR Green master mix (Thermo 
Fisher) with 0.5 µL of forward and reverse primers at 5 µmol each and 2 µL of ultra-pure 
water. All qRT-PCR reactions were carried out on an ABI StepOne Plus qRT-PCR 
machine (Thermo Fisher) in triplicate, under the following cycling conditions: 1 cycle of 
95°C/20 sec, 40 cycles of 95°C/1 sec, 60°C/20 sec. A 55°C to 99°C melting cycle was 
then carried out. Measurements of RNA levels in eluates are relative to the total amount 
of RNA in the input. Measurements for each gene represent the average of triplicate 
assays with error bars representing the standard deviation (SD). 
 
2.10.5 RNase treatment and protein extraction 
The remaining eluate was supplemented with ¼ volume of 5× RNase buffer (50 mM pH 
7.5 Tris HCl, 750 mM NaCl, 0.25% NP-40, 2.5 mM DTT) and treated with 0.11 µg RNase 
A (Sigma) and 0.035 U of RNase T1 (Sigma) at 37°C for 1 hour. Proteins were extracted 
using TCA/acetone precipitation: 3 volumes of TCA/acetone solution (13.3% w/v TCA, 
0.07% w/v DTT in acetone; chilled at -20°C) were added and samples were incubated at 
-20°C overnight. Samples were then centrifuged at 4°C for 15 min at 14,000 r.p.m., 
supernatant was removed and the protein pellet was washed by adding 1 mL washing 
solution (0.07% DTT in acetone; chilled at -20°C), vortexing and incubation at -80°C for 
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at least 30 min. After repeating the centrifugation and wash steps, the protein pellet was 
dried in a SpeedVac for 2 min and resuspended in solubilisation buffer (8 M Urea, 0.5% 
SDS, 1% DTT, 35 mM HEPES, pH 7.5). Samples were sonicated twice for 30 sec, 
centrifuged for 10 min at 14,000 rpm and the supernatant containing the proteins was 
transferred to a new tube. An aliquot (20%) was taken for protein analysis (silver staining 
and western blot) and the remainder of the eluate was used for mass spectrometry.    
 
2.10.6 SDS-PAGE, Silver staining and Western blot 
For SDS-PAGE, protein samples in 1× NuPAGE LDS sample buffer and 1× NuPAGE 
reducing reagent (Thermo Fisher) were loaded on NuPAGE Novex 4-12% Bis-Tris 
protein gels (Thermo Fisher) and electrophoresed at 130 V for 2 hours in 1× MES buffer 
(Thermo Fisher).  For silver staining, the gel was fixed in 50% methanol and 5% acetic 
acid for 30 min, followed by a wash with 50% ethanol and a second wash with 30% 
ethanol, each for 5 min. After a wash with water for 10 min, the gel was sensitized with 
0.02% Na2S2O3 (sodium thiosulfate) for 60 sec and washed three times with water for 30 
sec each. The gel was then placed in silver solution (6 mM AgNO3 (silver nitrate), 
0.0185% formaldehyde) for 20 min followed by three washes with water for 30 sec each. 
The gel was developed with 2% Na2CO3 (sodium carbonate), 0.0185% formaldehyde and 
0.0004% Na2S2O3. The developing reaction was stopped with 5% acetic acid. All 
solutions were prepared freshly and all procedures were performed on a rocking platform 
at room temperature. 
When re-staining was necessary, the gel was incubated in destain solution (prepared by 
mixing two solutions, 30 mM C6N6FeK3 (potassium ferricyanide) and 100 mM Na2S2O3, 
at equal volume immediately prior to use) until gels were clear again, typically this 
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occurred within 10 min. The gel was then washed with water to remove any yellow color. 
The gel was then restained as described above. 
For western blot, gels were electro-blotted onto nitrocellulose membrane (GE Healthcare 
Life Sciences). The membrane was blocked in 5% non-fat milk in 1×PBST (1×PBS with 
0.2% Tween-20) for 30 min at room temperature, followed by incubation with primary 
antibodies in 5% non-fat milk in 1×PBST on a rotating wheel at 4 °C overnight. The 
membrane was then washed three times with 1×PBST, for 5 min each at room 
temperature. The membrane was incubated with secondary antibody in 5% non-fat milk 
in 1×PBST for 1 hr at room temperature. Protein signals were detected using Super Signal 
Femto chemiluminescent reagent (Pierce), visualized on an ImageQuant LAS 4000 
system (GE Healthcare Life Sciences). Primary antibodies used were anti-CP29A (kind 
gift from Christian Schmitz-Linneweber), anti-AGO1 (Agrisera) and anti-SAL1 (kind gift 
from Barry Pogson). An anti-rabbit HRP-conjugated antibody (AP132P, EMD Millipore) 
was used as secondary antibody. All primary antibodies were used in a 1:1000 dilution. 
The secondary antibody was used in a 1:10,000 dilution for anti-CP29A, 1:5000 dilution 
for anti-AGO1 and 1:3000 dilution for anti-SAL1. 
 
 
2.10.7 Mass spectrometry for mRNA interactome samples 
2.10.7.1 Sample preparation using SP3 
For reduction and alkylation of the samples, 1 µL 200 mM DTT in 200 mM HEPES was 
added to CL and noCL eluates followed by incubation at 56°C for 30 min. After placing 
the samples on ice for 2 min, 2 µL of 400 mM iodoacetamide (IAA) in 200 mM HEPES 
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(pH 8.5) was added and samples were incubated at 24°C for 30 min in the dark. Then, 2 
µL of 200 mM DTT was added followed by incubation at RT for 5 min. 
For protein clean up and digestion, 2 µL of Sera-Mag bead mix (Thermo Scientific) were 
added to the eluates followed by the addition of 5 µL 5% formic acid. After ensuring that 
samples were acidic, acetonitrile was added to a final concentration of 50% and the 
samples were incubated for 8 min at RT. Samples were then placed on a magnetic rack 
and incubated for 2 min at RT. The supernatant was removed and samples were washed 
by adding 200 µL 70% ethanol and incubation for 15 sec on the magnetic rack. The wash 
was repeated once followed by the addition of 180 µL acetonitrile and incubation on the 
magnetic rack for 15 sec. The supernatant was removed and samples were air-dried for 
30 sec. Samples were then taken off the rack and digested by adding 800 ng of trypsin in 
50mM HEPES (pH8) and incubation at 37°C for 14 hours.  
After the digest, beads were resuspended by pipetting and samples were placed on a 
magnetic rack. Dimethyl-labeling was performed by adding 1 µL of formaldehyde (CH2O 
for light, 13CD2O for heavy) and 1 µL of sodium cyanoborohydride (NaBH3CN for light, 
NaBD3CN for heavy) followed by incubation on a magnetic rack for 30 min at RT. 1 µL 
of the respective formaldehyde and sodium cyanoborohydride solutions were added again 
for more efficient labeling and samples were incubated for another 30 min at RT on the 
magnetic rack. After that, 1 µL of quench mix was added and samples were incubated for 
5 min at RT. Samples were then taken off the magnetic rack and beads were resuspended 
by pipetting. Acetonitrile was added to the samples to a final percentage of 95% or higher, 
samples were mixed by pipetting followed by incubation off the magnetic rack for 8 min 
at RT and further 2 min on the magnetic rack at RT. After removal of the supernatant, 
samples were washed by adding 180 µL of acetonitrile and incubation for 15 sec on 
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magnetic rack. The wash was repeated once, supernatant was removed and beads were 
air-dried for 30 sec. The beads were then resuspended in 9 µL of 2% DMSO and sonicated 
in a water bath for 5 min. Finally, samples were placed on a magnet, the supernatant was 
recovered to a new tube, acidified with 1 µL of 10% formic acid, and used for MS.  
 
2.10.7.2 LC-MS/MS analysis  
Samples were analyzed on an LTQ-Orbitrap Velos Pro mass spectrometer (Thermo 
Scientific) coupled to a nanoAcquity UPLC system (Waters). Peptides were loaded onto 
a trapping column (nanoAcquity Symmetry C18, 5 μm, 180 μm × 20 mm) at a flow rate 
of 15 μL/min with solvent A (0.1% formic acid). Peptides were separated over an 
analytical column (nanoAcquity BEH C18, 1.7 μm, 75 μm × 200 mm) at a constant flow 
of 0.3 μL/min using the following gradient: 3% solvent B (Acetonitrile, 0.1% formic acid) 
for 10 min, 7-25% solvent B within 210 min, 25-40% solvent B within 10 min, 85% 
solvent B for 10 min. Peptides were introduced into the mass spectrometer using a Pico-
Tip Emitter (360 μm outer diameter × 20 μm inner diameter, 10 μm tip, New Objective). 
MS survey scans were acquired from 300-1700 m/z at a nominal resolution of 30,000. 
The 15 most abundant peptides were isolated within a 2 Da window and subjected to 
MS/MS sequencing using collision-induced dissociation in the ion trap (activation time 
10 msec, normalized collision energy 40%). Only 2+/3+ charged ions were included for 
analysis. Precursors were dynamically excluded for 30 sec (exclusion list size was set to 
500). 
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2.10.8 Mass spectrometry for the input proteome  
2.10.8.1 Sample preparation 
Proteins were extracted from 500 µL aliquots saved from the input lysate by TCA/acetone 
extraction as described above, and protein pellets were resuspended in 40 µL of 50 mM 
Tris-HCl (pH 8), 1% SDS, 1× Protease inhibitor. Samples were digested with 2 µL (25 
Units/µL) benzonase for 45 min at 37°C. Samples were prepared for MS using SP3 as 
described above, except that the protein digestion was performed with trypsin/LysC, at 2 
µg per sample at 37°C overnight.  
 
2.10.8.2 High pH reverse phase offline fractionation 
Offline high pH reverse phase fractionation was performed using an Agilent 1200 Infinity 
high-performance liquid chromatography (HPLC) system equipped with a quaternary 
pump, degasser, variable wavelength UV detector (set to 254 nm), peltier-cooled 
autosampler, and fraction collector (both set at 10 °C for all samples). The column was a 
Gemini C18 column (3 μm, 110 Å, 100 x 1.0 mm, Phenomenex) with a Gemini C18, 4 x 
2.0 mm SecurityGuard (Phenomenex) cartridge as a guard column. The solvent system 
consisted of 20 mM ammo-nium formate (pH 10.0) as mobile phase (A) and 100% 
acetonitrile as mobile phase (B). The separation was accomplished at a mobile phase flow 
rate of 0.1 mL/min using the following linear gradient: 100% A for 2 min, from 100% A 
to 35% B in 59 min, to 85% B in a further 1 min, and held at 85% B for an additional 15 
min, before returning to 100% A and re-equilibration for 13 min. Thirty-two fractions 
were collected along with the LC separation that were subsequently pooled into 10 
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fractions. Pooled fractions were dried under vacuum centrifugation, reconstituted in 10 
μL 0.1% formic acid and then stored at -80 °C until LC-MS analysis. 
 
2.10.8.3 LC-MS analysis for input proteome 
Peptides in the pooled fractions were separated using the nanoAcquity ultra performance 
liquid chromatography (UPLC) system (Waters) fitted with a trapping (nanoAcquity 
Sym-metry C18, 5 μm, 180 μm x 20 mm) and an analytical column (nanoAcquity BEH 
C18, 1.7 μm, 75 μm x 200 mm). The outlet of the analytical column was coupled directly 
to a LTQ (linear trap quadrupole) Orbitrap Velos Pro (Thermo Fisher Scientific) using 
the Proxeon nanospray source. Solvent A was water, 0.1% formic acid and solvent B was 
acetonitrile, 0.1% formic acid. The samples (7.5 μL out of 10 μL for total proteome 
analysis) were loaded with a constant flow of solvent A at 5 μL/min onto the trapping 
column. Trapping time was 6 min. Peptides were eluted via the analytical column with a 
constant flow of 0.3 μL/min. During the elution step, the percentage of solvent B 
increased in a linear fashion from 3% to 7% in 10 min, then increased to 25% in 100 min 
and finally to 40% in a further 10 min. The peptides were introduced into the mass 
spectrometer (Orbitrap Velos, Thermo) via a Pico-Tip Emitter 360 μm OD x 20 μm ID; 
10 μm tip (New Objective) and a spray voltage of 2.2 kV was applied. The capillary 
temperature was set at 300 °C. Full scan MS spectra with mass range 300-1700 m/z were 
acquired in profile mode in the FT (Fourier transform) with resolution of 30,000. The 
filling time was set at maximum of 500 ms with limitation of 1.0 x 106 ions. The most 
intense ions (up to 15) from the full scan MS were selected for sequencing in the LTQ. 
Normalized collision energy of 40% was used, and the fragmentation was performed after 
accumulation of 3.0 x104 ions or after filling time of 100 ms for each precursor ion 
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(whichever occurred first). MS/MS data was acquired in centroid mode. Only multiply 
charged (2+, 3+, 4+) precursor ions were selected for MS/MS. The dynamic exclusion 
list was restricted to 500 entries with maximum retention period of 30 s and relative mass 
window of 10 ppm. In order to improve the mass accuracy, a lock mass correction using 
the ion (m/z 445.12003) was applied. 
 
2.10.9 Peptide identification and quantification 
 
Raw data were processed using MaxQuant (version 1.4.1.2) (Cox and Mann, 2008). 
MS/MS spectra were searched against the UniProt Arabidopsis database (input proteome 
and interactome samples: version 05/06/2015 including 54193 entries) concatenated to a 
database containing protein sequences of common contaminants. Enzyme specificity was 
set to trypsin/P, allowing a maximum of two missed cleavages. Cysteine 
carbamidomethylation was set as fixed modification, and methionine oxidation and 
protein N-terminal acetylation were used as variable modifications. For the mRNA 
interactome study, the required modifications for the dimethyl labelling were added as 
variable modification (DimethyLys0, DimethyNter0). The minimal peptide length was 
set to six amino acids and a minimum of one unique peptide was required for the 
identification. The mass tolerances were set to 20 ppm for the first search, 6 ppm for the 
main search and 0.5 Da for product ion masses. False discovery rates (FDR) for peptide 
and protein identification were set to 1%. Match between runs (time window 2 min) and 
re-quantify options were enabled. Protein quantification was based on razor and unique 
peptides. 
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2.10.10 Definition of mRNA interactome proteins 
 
Statistical analysis for CL/noCL enrichment of protein groups quantified in at least two 
out of three biological replicates was performed using an empirical Bayes moderated t-
test within the R/Bioconductor package limma (Smyth, 2004). P-values were adjusted for 
multiple testing using the method of Benjamini-Hochberg. The UniProt accession 
numbers of each protein group were converted into Arabidopsis gene IDs. Where multiple 
gene IDs applied, the gene ID corresponding to the majority protein ID was used. Proteins 
with a CL/noCL enrichment (log2 fold change CL/noCL) >0 at an FDR below 1% were 
defined as At-RBPs, whereas proteins with an FDR > 1%, as well as proteins where no 
CL/noCL enrichment could be determined, were defined as candidate At-RBPs.  
 
2.10.11 Bioinformatic analyses 
2.10.11.1 Gene Ontology analyses 
TAIR (version 10) ATH_GO_GOSLIM.txt .gz (version 2015-08-02) downloaded from 
https://www.arabidopsis.org/  was used for Gene Ontology (GO) annotation. Enrichment 
of GOMF, GOBP and GOCC categories was analyzed for At-RBPs and candidate At-
RBPs compared to the background of proteins identified from the input proteome using 
'fisher.test' (Fisher’s exact test), and multiple testing was performed using 'p.adjust' with 
the Benjamini & Hochberg (BH) method in R package (R Core Team, 2015). GO terms 
with BH p-value <0.05 were defined as enriched/depleted.  
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2.10.11.2 Classification of RNA biology status and protein domains 
The RNA biology status and RBDs of At-RBPs and candidate At-RBPs were classified 
as described in Beckmann et al. (2015). 
 
2.10.11.3 Analysis of biophysical properties and sequence features  
Analyses of disordered regions, length of proteins, hydrophobicity and amino acid 
composition were performed as described in Castello et al. (2012). Hydrophobicity for 
each amino acid residue was obtained from 
https://www.cgl.ucsf.edu/chimera/docs/UsersGuide/midas/hydrophob.html. Isoelectric 
Point was calculated using the 'IsoelectricPoint' module in Biopython package 
(http://biopython.org/DIST/docs/api/Bio.SeqUtils.IsoelectricPoint-pysrc.html). 
Distribution biases for sequence features and biophysical properties were evaluated using 
R packages, adk.test (Anderson-Darling k-sample test) and ks.test (two-sample 
Kolmogorov-Smirnov test). Protein abundance distributions of the different RBP sets are 
based on median iBAQ values from the input proteome data. 
 
2.10.11.4 Conservation of At-RBPs 
The list of predicted homologues proteins between plant and human, mouse and yeast 
were obtained from InParanoid (version 8.0) (Sonnhammer and Östlund, 2015). The lists 
of two-way predictions (A. thaliana-H. sapiens, A. thaliana-M. musculus, and A. 
thaliana-S. cerevisiae) were downloaded from http://inparanoid.sbc.su.se/download/. 
InParanoid uses a clustering method based on genome-wide pairwise sequence similarity 
matches to identify putative orthologous proteins between two species, and predicts 
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ortholog groups, where each group contains one (the highest sequence similarity matches) 
or more (with high pairwise similarity matches relative to the best pair) pairs, including 
in-paralogs within a defined cut-off value (Sonnhammer and Östlund, 2015). We included 
all pairs in each group, which may include more than one combination (in-paralogs), i.e. 
all plant proteins which are homologs to either human, mouse or yeast. The list of mRNA 
interactome proteins were obtained from Baltz et al., 2012 (HEK293, H. sapiens), Kwon 
et al., 2013 (mESC, M. musculus), Liao et al., 2016 (HL-1, M. musculus) and Beckmann 
et al., 2015 (HuH-7, H. sapiens; S. cerevisiae).  
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CHAPTER 3 
Investigating the use of molecular SPONGEs, target MIMICs 
and short tandem target mimics for inhibition of miRNA 
function in Arabidopsis 
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3.1 Abstract 
Elucidation of microRNA (miRNA) function through a loss-of-function approach has 
proven difficult due to extensive genetic redundancy among most plant and animal 
miRNA families. Consequently, miRNA decoy technologies such as target MIMICs 
(MIMs) and short tandem target mimics (STTMs) in plants or molecular SPONGEs (SPs) 
in animals have been developed to generate loss-of-function phenotypes by perturbing 
endogenous miRNA activity. To test whether SPs can inhibit plant miRNA activity, 
synthetic SP transgenes containing multiple miRNA binding sites targeting different 
Arabidopsis miRNA families were generated. Additionally, their silencing efficacies 
were compared to the corresponding MIM and STTM transgenes via scoring the 
frequency and severity of phenotypic abnormalities elicited by each transgene. While SPs 
with wild-type miRNA binding sites have no apparent impact, SPs containing miRNA 
binding sites with two central mismatches (cmSPs) can generate strong loss-of-function 
phenotypes, however their efficacy varied dramatically. Variability was also observed 
when MIMs and STTMs were compared to cmSPs. While cmSP165/166 and 
STTM165/166 showed a stronger efficacy than MIM165/166, MIM159 was stronger than 
cmSP159 and STTM159. Although increasing the number of miRNA binding sites or 
strengthening the free energy of the interaction between a miRNA and its binding site can 
improve decoy efficacy, clearly additional unknown overriding factors are at play. In 
conclusion, this Chapter demonstrates that no one approach guarantees the strongest 
miRNA inhibition, but rather distinct miRNA families respond differently to the various 
approaches, suggesting that multiple approaches may need to be taken to generate the 
desired loss-of-function outcome. 
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3.2 Introduction 
The discovery of the importance of small noncoding RNAs (sRNAs) in controlling gene 
expression has led to a paradigm shift in our understanding of the information contained 
in the genome and how it is regulated. Central to this has been the in-depth elucidation of 
a class of endogenous 20–24 nucleotides (nt) sRNAs known as miRNAs. They are 
incorporated into RNA-induced silencing complexes (RISCs), which they guide to 
complementary mRNAs that are subsequently silenced, mainly through cleavage and 
translational repression mechanisms (Voinnet, 2009). Cleavage occurs at the 
phosphodiester bond opposite nt 10 and 11 of the miRNA in the miRNA–mRNA duplex 
and is catalysed by the RNAse H-like domain of ARGONAUTE (AGO) (Voinnet, 2009). 
In both plants and animals, miRNAs have been shown to play crucial roles in many 
different biological processes, including development, disease and environmental 
responses (Sunkar et al., 2012), making miRNAs strong targets for biotechnology (Zhou 
and Luo, 2013).  
 
In plants, the biological roles of most miRNAs are still unknown, as accurately defining 
their function has remained challenging. A large part of the functional analysis of 
miRNAs has been based on gain-of-function approaches that have obvious limitations. 
Firstly, methodologies using the strong constitutive 35S promoter in activation tagging 
mutagenesis or miRNA overexpression will generally lead to miRNA expression levels 
and patterns that are not representative of the in vivo condition and therefore may not 
reflect the endogenous role of the miRNA (Voinnet, 2009). Another approach has been 
the use of miRNA-resistant target transgenes, but this approach, even when using the 
target gene promoter, can also potentially misrepresent miRNA function due to transgenic 
artefacts (Li and Millar, 2013). Therefore, conclusions from these strategies need to be 
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verified by miRNA loss-of-function approaches. However, creating loss-of-function 
mirna mutants is problematic as most miRNAs belong to gene families consisting of 
multiple redundant members, so the generation of combinatorial loss-of-function mutants 
has only been achieved for miRNA families with few members (Allen et al., 2007; Sieber 
et al., 2007).  
 
To address this deficiency, a number of transgenic methodologies have been developed 
that generate loss-of-function outcomes. This has included using artificial miRNAs 
against endogenous miRNAs, which can target either single or multiple family members 
(Eamens et al., 2011) or RNAi approaches that target the primary-miRNA transcript and 
its promoter (Vaistij et al., 2010). More widely used has been the transgenic expression 
of decoy targets, which are RNA molecules with high complementarity to particular 
miRNA families (Ivashuta et al., 2011; Todesco et al., 2010; Yan et al., 2012). These 
decoys act by competing for miRNA binding thereby reducing the number of miRNAs 
available for the repression of primary targets, which results in their deregulation. In 
plants, transcripts that contain a single non-cleavable miRNA binding site called target 
MIMICs (MIMs) can act as such decoys. MIMs are based on the non-protein coding gene 
INDUCED BY PHOSPHATE STARVATION 1 (IPS1) that inhibits miR399 (Franco-
Zorrilla et al., 2007). IPS1 contains a highly complementary binding site for miR399 but 
has a 3 nt mismatch loop at the miRNA cleavage site. Due to this loop, it is thought that 
IPS1 cannot be cleaved but instead sequesters the miR399-loaded RISC leading to the de-
repression of the primary miRNA target gene (Franco-Zorrilla et al., 2007). The IPS1 
gene was modified to generate artificial target MIMs against 73 different Arabidopsis 
miRNA families. Of these, one fifth caused obvious morphological phenotypes, some of 
which were similar to phenotypes caused by expressing the corresponding miRNA-
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resistant target gene or the corresponding miRNA loss-of-function mutant (Todesco et 
al., 2010).  
 
As a subsequent alteration of the MIM approach, short tandem target mimics (STTMs) 
were developed, which are composed of two MIM binding sites separated by a 48 nt 
spacer, (Yan et al., 2012). STTMs were optimized against the miRNA family 
miR165/166, and it was empirically determined that a spacer of 48 nt and the two binding 
sites are both required for strong miR165/166 inhibition, generating a stronger phenotype 
than a MIM165/166 decoy. This STTM design was then applied to two other miRNA 
families, miR156/157 and miR160, and two transacting small interfering RNAs and in 
each case produced strong loss-of-function phenotypes, indicating the robustness of the 
approach. However, although the STTM165/166 resulted in complete destruction of 
miR165/166 (Yan et al., 2012), Arabidopsis plants expressing a STTM396 only had 
moderately decreased miR396 levels (Liang et al., 2014) suggesting that the efficacy of 
the approach may vary depending on the miRNA targeted.  
 
In animal systems, the use of miRNA SPs has proven very effective at inhibiting miRNA 
action (Ebert et al., 2007). SPs are synthetic transcripts that contain multiple binding sites 
to a miRNA of interest, either in a non-protein coding RNA or in the 3’ UTR of a reporter 
gene. They compete for miRNA binding, which results in the perturbation of the 
endogenous miRNA–target mRNA interaction. As their specificity is mainly determined 
by the degree of complementarity to the miRNA, they are able to target entire miRNA 
families and thus, like plant MIMs or STTMs, can overcome problems of functional 
redundancy due to multiple miRNA family members. Although SPs with perfect 
complementarity to a miRNA were shown to inhibit miRNA activity to some extent, SPs 
 
 
61 
 
with bulges to positions 9–12 of the target miRNA had a greater efficacy (Ebert et al., 
2007).  
 
In this Chapter, I have investigated the use of miRNA SPs, synthetic transcripts with 
multiple miRNA binding sites, as a methodology for inhibiting miRNA action in plants. 
I found that SPs containing 15 miRNA binding sites with mismatches at the cleavage site 
(cmSPs) could strongly perturb miRNA activity; however, their efficacies varied 
dramatically depending on the miRNA family targeted. Likewise, from direct 
comparisons of cmSPs to MIMs and STTMs, it was found that the silencing efficacy of 
MIMs and STTMs also varies, demonstrating that different miRNA families respond 
differently to the three approaches and that no one approach works equally well for the 
miRNAs tested. 
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3.3 Results 
3.3.1 Design of miRNA SPs to target the miR159 and miR165/166 families  
Firstly, SPs were generated to specifically perturb the miR159 and miR165/166 families. 
SPs were designed largely according to Ebert et al. (2007), where they have multiple 
miRNA binding sites separated by 4 nt spacers. Furthermore, they contained unique 
primer binding sites, which were used for measuring SP transcript levels by qRT-PCR 
(Figure 3.1A). All SP constructs were generated under the transcriptional control of a 
dual 35S CaMV promoter in the binary vector pMDC32 (Curtis and Grossniklaus, 2003), 
to enable strong constitutive expression. SPs with two types of miRNA binding sites were 
created for miR159 and miR165/166. Firstly, to investigate the impact of endogenous 
target site abundance on miRNA regulation, SPs containing binding sites identical to 
those within the endogenous targets of miR159 (MYB33/65) or miR165/166 (PHB/PHV) 
were made [termed wild-type (wt) SP159 and wtSP165/166]. Secondly, to examine the 
role of cleavage, SPs containing binding sites with mismatches at the cleavage site, which 
is opposite nts 10-11 of the respective miRNA, were generated [termed central mismatch 
(cm) SP159 and cmSP165/166] (Figure 3.1B, C). CmSPs are different from the original 
SPs by Ebert et al. (2007), which contained a bulge at the cleavage site as opposed to two 
central mismatches. WtSPs contained fifteen miRNA binding sites, whereas cmSPs 
contained three (3x), seven (7x) or fifteen (15x) miRNA binding sites, respectively. In 
contrast to MIMs and STTMs, SPs contain no additional nt between position 10 and 11, 
hence no asymmetric mismatch loop forms at the cleavage site when bound with 
respective miRNAs.   
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Figure 3.1: Structure and sequences of SP159, SP165/66 and their corresponding 
targeted miRNAs.  
(A) SPs are composed of multiple miRNA binding sites separated by 4 nt spacers and two 
unique sequences that serve as priming sites for qRT-PCR. They are driven by a dual 35S 
promoter and harbour a poly(A) tail. (B) wtSP159 contains binding sites that are identical 
to the endogenous miR159 binding site in MYB33/65, while cmSP159 contains binding 
site with mismatches at the cleavage site (lower case). The endogenous mismatches have 
been corrected (lower case) to maintain a similar free energy (ΔG). SP159 can target both 
miR159a and miR159b. (C) wtSP165/166 contains binding sites that are identical to the 
endogenous miR165/166 binding site in PHB/PHV, while cmSP165/166 contains 
mismatches at the cleavage site. Original mismatches have been corrected to minimize 
changes in free energy (ΔG). Tables indicate ΔG values and the number of mismatches to 
the corresponding cmSP (mismatched nucleotides are underlined). ∆G values were 
calculated using the DINAmelt Web Server. 
 
 
4nt 
spacers 
miRNA binding sites  primer sites 
Sponge structure  A        
2x35S 
 SP159 B        
5’ (A)n 
                                              ∆G       Mismatches 
                                          (kcal/mol)   to cmSP159 
miR159a:   3’- AUCUCGAGGGAAGUUAGGUUU -5’                   3 
miR159b:   3’- UUCUCGAGGGAAGUUAGGUUU -5’                   4 
wtSP159:   5’- UGGAGCUCCCUUCAUUCCAAU -3’    -31.0 
cmSP159:   5’- UaGAGCUCCCcaCAaUCCAAU -3’    -26.3 
C        SP165/166 
                                              ∆G       Mismatches 
                                          (kcal/mol)  to cmSP165/6 
miR165a/b:   3’-CCCCCUACUUCGGACCAGGCU-5’                  2 
miR166a-g:   3’-CCCCUUACUUCGGACCAGGCU-5’                  2.5 
wtSP165/166: 5’-UUGGGAUGAAGCCUGGUCCGG-3’    -35.8 
cmSP165/166: 5’-ggGGGAUGAAcgCUGGUCCGa-3’    -31.3 
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WtSP165/166 and cmSP165/166 were transformed into wild-type (Col-0) Arabidopsis 
plants, while wtSP159 and cmSP159 were transformed into wild-type and mir159a 
mutant plants. The mir159a allele is a strong loss-of-function mutant, where total miR159 
levels are reduced to approximately 10% of wild-type (Allen et al., 2010). Hence, the use 
of wild-type and mir159a plants enables the impact of miRNA abundance on the efficacy 
of the SPs to be ascertained. The GUS reporter gene, cloned into the same vector as the 
SPs, was used as a transgenic control.  
 
3.3.2 A cmSP159 transgene can strongly inhibit miR159 activity 
To evaluate the efficacy of miRNA inhibition by the transgenes, the frequency and 
severity of morphological defects were scored for multiple independent primary 
transformants of the same construct. For SP159 analysis, primary transformants were 
grown side-by-side and classified as having weak (leaf curling with little or no growth 
reduction), moderate (leaf curling with growth reduction) or severe (leaf curling with 
strong reduction in size similar to a strong loss-of-function mir159ab double mutant; 
Figure 3.2A) phenotypes.  
All wtSP159 (Col-0), wtSP159 (mir159a) and cmSP159 (3x) primary transformants were 
indistinguishable from wild-type. In contrast, 64% (74 out of 116) of cmSP159 (7x) and 
79% (84 out of 106) of cmSP159 (15x) primary transformants displayed moderate and 
weak phenotypes (Figure 3.2B). CmSP159 (15x) caused stronger effects than cmSP159 
(7x), as a higher percentage of plants showed a moderate phenotype, however neither 
construct could induce severe phenotypes as observed in mir159ab. CmSP159 (15x) 
showed a better efficacy in mir159a where 76% (65 out of 86) of plants displayed 
moderate phenotypes, compared to Col-0 plants with only 25% (27 out of 106) of plants 
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showing moderate symptoms (Figure 3.2C). Thus, the efficacy of cmSP159 appears to be 
influenced by both the abundance of miR159 and the number of miRNA binding sites. 
All GUS transformants had a wild-type phenotype (Figure 3.2A). 
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Figure 3.2: Phenotypic and molecular analysis of 4-week-old Arabidopsis plants 
expressing wtSP159and cmSP159. 
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(A) Wild-type (Col-0) plants and plants expressing the GUS gene were used as negative 
controls, while mir159ab was used as a positive control. Col-0 (B) and mir159a plants 
(C) expressing wtSP159 and cmSP159. M: moderate, W: weak phenotype. 3×, 7×, 15×: 
three, seven, fifteen miRNA binding sites, respectively. Numbers indicate the portion of 
primary transgenic lines falling into the phenotypic class shown. Scale bar = 10 mm. (D) 
qRT-PCR analysis of target transcript, miRNA and SP levels 
in wtSP159 and cmSP159 (15×) plants. MYB33, MYB65, CP1 and SP159 levels were 
measured relative to CYCLOPHILIN, and TaqMan assays of mature miR159a and 
miR159b levels were normalized to snoR101. RNA was extracted from 4-week-old 
primary transformants using tissue from whole plants. Measurements are the average of 
three technical replicates with error bars representing the SEM. Asterisks mark 
statistically significant changes compared to the negative controls as determined by 
Student's t-test analysis. 
 
 
As cmSP159 (15x) had the strongest efficacy, we decided to further test its impact and 
that of wtSP159 on miR159 regulation by measuring transcript levels of its target genes, 
MYB33 and MYB65 and the downstream gene CP1, which acts as a marker for MYB33/65 
protein activity (Alonso-Peral et al., 2010). For MYB33/MYB65, gene-specific primers 
spanning the miRNA binding site were used to quantify intact (uncleaved) target mRNA. 
Consistent with previous studies (Allen et al., 2007), the mRNA levels of MYB33 and 
MYB65 were ~5- and ~7-fold higher respectively in mir159ab than in wild-type plants 
(Figure 3.2D). In wtSP159 (Col-0) plants, MYB33 and MYB65 transcript levels remained 
unchanged compared to the controls, which was also reflected in the unaltered CP1 levels. 
For wtSP159 (mir159a) plants, MYB33, MYB65 and CP1 transcript levels were ~1.5-2 
fold higher compared to the controls (Figure 3.2D). Thus, wtSP159 may be having an 
effect on miR159 silencing in mir159a plants; however, any perturbation of miR159 
activity is not strong enough to enable deregulation of MYB33 or MYB65 protein 
 
 
68 
 
expression to levels resulting in a phenotypic impact. By contrast, cmSP159 (15x) plants 
had strong increases in MYB33 and MYB65 transcript abundance. Similarly, CP1 
transcript levels were higher compared to the wild-type and GUS controls (Figure 3.2D). 
A clear positive correlation was observed between the target transcript levels and the 
corresponding phenotypes, where plants exhibiting moderate (M) developmental defects 
had higher transcript levels than plants with weak (W) phenotypes.  
Next, qRT-PCR was used to examine the SP transcript levels. The level of cmSP159 (15x) 
was considerably higher than that of wtSP159 (Figure 3.2D), presumably because slicing 
of cmSP159 transcripts is attenuated, enabling a higher level of SP accumulation. The 
abundance of cmSP159 (15x) transcripts was positively correlated with phenotypic 
severity, as cmSP159 (15x) plants with moderate phenotypes showed higher cmSP159 
RNA levels compared to the corresponding plants with weak phenotypes (Figure 3.2D). 
The abundance of cmSP159 (15x) was lower in mir159a compared to Col-0, although the 
phenotypes were more severe in the former. This is likely due to the fact that mir159a 
plants have greatly reduced miR159 levels and thus require less SP RNA to achieve strong 
perturbation of miR159 activity.  
To investigate whether miRNA abundances are affected by SP expression, TaqMan 
miRNA assays were performed to estimate mature miR159 levels. A negative correlation 
between SP159 levels and miR159 abundance was observed. In wtSP159 (Col-0) plants, 
miR159 levels were similar to wild-type levels, whereas cmSP159 (15x) (Col-0) plants 
showed significantly decreased miR159 levels (Figure 3.2D).  
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3.3.3 A cmSP165/166 transgene strongly perturbs miR165/166 activity  
Similar to wtSP159, expression of wtSP165/166 did not result in any phenotypic 
abnormalities. However, 103 out of 105 cmSP165/166 (15x) and 75 out of 92 
cmSP165/166 (7x) primary transformants displayed phenotypic abnormalities of 
adaxialized leaves (Figure 3.3A), the expected phenotype of a miR165/166 loss-of-
function mutant (Xu et al., 2007). Plants were classified as having weak (weakly 
adaxialized organs), moderate (strongly adaxialized organs) or severe (trumpet- and cup-
shaped leaves with fasciated stems and flowers) phenotypes. Moderate and severe lines 
were sterile and the latter did not produce extended internodes in the inflorescence 
resulting in floral clumps (Figure 3.3B). CmSP165/166 (15x) clearly showed the strongest 
efficacy with 75/105 plants showing severe abnormalities, whereas out of 92 
cmSP165/166 (7x) transformants, two showed severe, 17 showed moderate and 56 
showed weak symptoms. CmSP165/166 (3x) did not appear to be able to strongly perturb 
miRNA activity, as only 3 out of 121 transformants showed weak defects, while all other 
transformants had no phenotypic abnormalities.  
Next, transcript levels of the miR165/166 target genes PHB, PHV and ATHB-15 
(McConnell et al., 2001; Emery et al., 2003) were measured in wtSP165/166 and 
cmSP165/166 (15x) plants using qRT-PCR. Consistently, the transcript levels of these 
genes were slightly elevated in wtSP165/166 plants, but were strongly up-regulated in 
cmSP165/166 (15x) plants (Figure 3.3C), strongly correlating with the morphological 
defects. Additionally, transcript levels of cmSP165/166 (15x) were higher than that of 
wtSP165/166, and positively correlated with phenotypic severity (Figure 3.3C). Together, 
these data demonstrate that cmSPs with 15 miRNA binding sites are most effective in 
inhibiting miRNA activity. 
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Figure 3.3: Phenotypic and molecular analysis of 4-week-old Arabidopsis plants 
expressing wtSP165/166 and cmSP165/166.  
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(A) Col-0 plants expressing wtSP165/166 and cmSP165/166. M: moderate, S: severe 
phenotype. 3×, 7×, 15×: three, seven, fifteen miRNA binding sites, respectively. Numbers 
indicate the portion of primary transgenic lines falling into the phenotypic class shown. 
Scale bar = 10 mm. (B) Severe cmSP165/166 (15x) plants have characteristic trumpet- 
and cup-shaped (white arrows) leaves, as well as fasciated stems and flowers. (C) qRT-
PCR analysis of target transcript and SP levels in wtSP165/166 and cmSP165/166 (15×) 
plants. PHB, PHV, ATHB-15 and SP165/166 levels were measured relative 
to CYCLOPHILIN. RNA was extracted from 4-week-old primary transformants using 
tissue from whole plants. Measurements are the average of three technical replicates with 
error bars representing the SEM. Asterisks mark statistically significant changes 
compared to the controls. W: weak, M: moderate, S: severe phenotype. 
 
 
3.3.4 CmSP165/166 and STTM165/166 have a stronger efficacy than MIM165/166 
To appraise the efficacy of cmSPs (15x), they were compared to MIMs and STTMs, two 
other decoy technologies (Todesco et al., 2010; Yan et al., 2012). All decoys were sub-
cloned into pMDC32 that contains the dual 35S promoter, the same binary vector 
backbone as the cmSPs, enabling direct efficacy comparisons through analysis of multiple 
independent primary transformants for each construct.   
Firstly, the efficacies of cmSP165/166, MIM165/166 and STTM165/166 were compared 
by scoring the severity and frequency of developmental abnormalities (leaf 
adaxialization; Figure 3.4A) in multiple independent primary transformants for each 
construct. For cmSP165/166, the majority (64%) of primary transformants displayed a 
severe phenotype (Figure 3.4B). By contrast, none of the MIM165/166 plants displayed 
such a phenotype, but mainly displayed moderate and weak phenotypes based on the 
classification (Figure 3.4B).  
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Figure 3.4: Analysis of different decoy constructs targeting miR165/166.  
(A) Rosette tissue of 4-week-old wild-type (Col-0) plants and representative examples of 
4-week-old primary transformants having a weak, moderate or severe phenotype. Scale 
bar = 10 mm. (B) Percentage of primary transformants of different decoys falling into the 
respective phenotypic categories. All plants were grown side-by-side under the same 
conditions. n = number of primary transformants analysed. (C) qRT-PCR analysis of 
miR166a levels, normalized to snoR101, in different decoys. RNA was extracted from 4-
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week-old rosette tissue. Measurements are the average of three technical replicates with 
error bars representing the SEM. Asterisks mark statistically significant changes 
compared to wild-type. NP: No phenotype, W: weak, M: moderate, S: severe phenotype; 
MIM-MC: MIM mismatch corrected. 
 
 
Consistent with this, levels of the miR165/166 target transcripts PHB, PHV and REV were 
much higher in cmSP165/166 than in MIM165/166 plants (Figure 3.5). The previously 
reported STTM165/166-48 (a MIM165 and MIM166 binding site in tandem separated by 
a 48 nt spacer) conferred a strong efficacy with 24% out of 82 primary transformants 
showing a severe phenotype (Figure 3.4B), an efficacy similar to what was previous 
reported, where 30% of primary transformants resulted in strongly adaxialized leaves 
(Yan et al., 2012).  
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Figure 3.5: Analysis of target transcript and miRNA levels in cmSP165/166 (15x) and 
MIM165/166 plants.  
qRT-PCR analysis of PHB, REV, PHV and miR166 levels in MIM165/166 and 
cmSP165/166 (15x) primary transformants. Transcript levels were normalized to 
CYCLOPHILIN and miRNA levels were normalized to snoR101. RNA was extracted 
from 4-week-old primary transformants using tissue from whole plants. Measurements 
are the average of three technical replicates with error bars representing the SEM. 
Asterisks mark statistically significant changes compared to wild-type. W: weak, M: 
moderate, S: severe phenotype. 
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3.3.5 The number of miRNA binding sites and the strength of ΔG interaction 
influence decoy efficacy  
To test whether the higher efficacy of cmSP165/166 and STTM165/166-48 compared to 
MIM165/166 is due to the increased number of miR165/166 binding sites or the sequence 
of the binding sites, a SP construct with 15 MIM165/166 binding sites was generated 
[SP165/166 (15x MIM)]. Furthermore, the miRNA binding site of MIM165/166 has an 
additional mismatch to miR165/166 when compared to the binding sites of 
STTM165/166-48 (Figure 3.6) resulting in a weaker ΔG interaction (Table 3.1). Hence, 
another SP construct containing 15 MIM165/166 sites with this mismatch corrected 
(MIM-MC) was also generated [named SP165/166 (15x MIM-MC)] to test if 
strengthening the ΔG interaction can increase efficacy.   
 
 
 
 
 
 
 
Figure 3.6: Nucleotide sequences of cmSP165/166, MIM165/166 and STTM165/166. 
Underlined nucleotides mark mismatches between the miRNA and the respective 
construct. Red nucleotides in MIM165/166 and STTM165/166-48 mark the nucleotides 
opposite position 11 of the miRNA. Nucleotides in lower case mark mismatches and 
bulges at the cleavage site, respectively.  
miR165:      3’-CCCCCUACUUCGGACCAGGCU-5’                   
miR166:      3’-CCCCUUACUUCGGACCAGGCU-5’                   
cmSP165/166: 5’-GGGGGAUGAAcgCUGGUCCGA-3’                   
miR165:      3’-CCCCCUACUUC---GGACCAGGCU-5’                   
miR166:      3’-CCCCUUACUUC---GGACCAGGCU-5’                   
MIM165/166:  5’-GGGGAAUGAATctaCCUGGUCCGA-3’                   
            miR165                           miR166 
3’-CCCCCUACUUC---GGACCAGGCU-5’  3’-CCCCUUACUUC---GGACCAGGCU-5’                   
5’-GGGGGAUGAAGctaCCUGGUCCGA-3’  5’-GGGGAAUGAAGctaCCUGGUCCGA-3’                   
           STTM165                           STTM166 
STTM165/166-48 
MIM165/166 
cmSP165/166 
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 ∆G (kcal/mol) ∆G % 
miR166a   
cmSP165/166 -31.3 83% 
MIM165/166 -26.9 71% 
STTM165/166-48 -35.5 94% 
miR159a   
cmSP159 -26.3 79% 
MIM159/STTM159 -28.8 86% 
MIM319 -26.5 80% 
miR319a/b   
MIM319 -29.3 75% 
MIM159 -24.3 62% 
miR172a   
MIM172 -26.4 84% 
MIM172cs -21.0 67% 
 
Table 3.1: Free energy calculations of the interaction between cmSPs, MIMs, STTMs 
and their corresponding miRNAs.  
Free energy (∆G) values are shown in kcal/mol and as percentage compared to a perfect 
match with the respective miRNA. ∆G values were calculated using the DINAmelt Web 
Server (http://mfold.rna.albany.edu/?q=DINAMelt/Two-state-melting).  
 
For SP165/166 (15x MIM), approximately 9% of 90 primary transformants displayed a 
severe phenotype implying it has a stronger efficacy than MIM165/166 (Figure 3.4B). 
This indicates that increasing the number of miRNA binding sites can increase efficacy. 
Additionally, for SP165/166 (15x MIM-MC), approximately 14% of 99 primary 
transformants displayed a severe phenotype (Figure 3.4B), suggesting it has a stronger 
efficacy than SP165/166 (15x MIM) and that the increase of the ΔG interaction increases 
decoy efficacy.  
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However, the efficacy of SP165/166 (15x MIM-MC) is still considerably weaker than the 
efficacy of STTM165/166-48 which only has two miRNA binding sites, and that of 
cmSP165/166 (15x) which contains a binding site with two central mismatches rather 
than a 3 nt loop (Figure 3.6). Therefore, although increasing the number of miRNA 
binding sites or strengthening the ΔG interaction may improve decoy efficacy, clearly 
other factors are having a major impact.    
To test the effect of the different decoys on miRNA levels, miR166a levels were measured 
in primary transformants classified according to their phenotype. Consistent with 
previous measurements, a tight negative correlation between phenotypic severity and 
miRNA levels can be observed for all decoy constructs. While miR166a levels in decoy 
plants showing no and mild phenotypes were similar to wild-type, they were strongly 
reduced in plants with moderate and severe phenotypes (Figure 3.4C, Figure 3.5).  
  
3.3.6 MIM159 has an efficacy stronger than cmSP159 and STTM159  
To appraise the efficacy of cmSP159 (15x), it was compared to MIM159 (Todesco et al., 
2010) and STTM159, which contained two MIM159 binding sites separated by a 48 nt 
spacer (based on the design from Yan et al., 2012). All constructs were cloned into 
pMDC32 and transformed into Col-0; MIM159 was also transformed into mir159a.  
Primary transformants were grown side-by-side and classified as having weak, moderate 
or severe phenotypes, using the criteria described before (Figure 3.7A). In accordance 
with previous results, none of the cmSP159 (15x) transformants displayed severe defects. 
In contrast, approximately 50% MIM159 (Col-0) and MIM159 (mir159a) transformants 
showed severe abnormalities with strong leaf curl and stunted growth (weak and moderate 
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phenotypes were not observed in these plants), implying that MIM159 has a stronger 
efficacy than cmSP159 (15x) (Figure 3.7B). However, STTM159 was also unable to 
induce severe phenotypes, where its efficacy also appeared weaker than that of cmSP159 
(15x), as only approximately 1% (1 out of 82) of STTM159 primary transformants 
displayed moderate phenotypes. This shows that MIM159 is considerably more potent in 
inhibiting miR159 than both STTM159 and cmSP159 (15x), again demonstrating that the 
number of miRNA binding sites does not necessarily determine the efficacy of miRNA 
inhibition. Finally, measurement of miR159a levels demonstrates the negative correlation 
between miRNA levels and phenotypic severity, where the stronger the phenotype, the 
stronger the reduction in miR159 levels (Figure 3.7C).  
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Figure 3.7: Analysis of different decoy constructs targeting miR159.  
(A) Rosette tissue of 4-week-old wild-type (Col-0) and representative examples of 4-
week-old primary transformants having a weak, moderate or severe phenotype. Scale 
bar = 10 mm. (B) Percentage of primary transformants of different decoys falling into the 
respective phenotypic categories. All plants were grown side-by-side under the same 
conditions. n = number of primary transformants analysed. (C) qRT-PCR analysis of 
miR159a levels, normalized to snoR101, in different decoys. RNA was extracted from 4-
week-old rosette tissue. Measurements are the average of three technical replicates with 
error bars representing the SEM. Asterisks mark statistically significant changes 
compared to wild-type. NP: No phenotype, W: weak, M: moderate, S: severe phenotype. 
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3.4 Discussion  
This Chapter has demonstrated that molecular SPs with multiple miRNA binding sites 
can be effective inhibitors of miRNA activity and thus represent a strategy in plants for 
generating strong loss-of-function miRNA phenotypes. Moreover, the efficacies of 
different technologies used for inhibiting miRNA activity, cmSPs, MIMs and STTMs, 
were evaluated and it was found that no one approach guarantees the strongest inhibition, 
but rather their efficacies can vary dramatically depending on the miRNA family targeted. 
As the reasons for this variation are unclear, we suggest that multiple approaches should 
be used when attempting to inhibit a plant miRNA family, thus increasing the likelihood 
of a strong loss-of-function outcome.  
 
 
3.4.1 CmSPs can strongly perturb miRNA action  
By generating multiple transformants for any given construct and then measuring the 
severity and frequency by which they induced a miRNA loss-of-function phenotype, the 
efficacy of each decoy construct was quantitatively measured. As all constructs were in 
the same vector backbone (pMDC32) and driven by the same promoter (2x 35S promoter) 
(Curtis and Grossniklaus, 2003), differences observed should be independent of 
transcription. It was found that cmSPs (15x) were able to generate loss-of function 
phenotypes, albeit with varying efficacies. Additionally, these cmSPs (15x) appeared to 
work better than existing approaches for some miRNA families. For instance, the 
cmSP165/166 could strongly inhibit miRNA activity at a frequency greater than 
MIM165/166 or STTM165/166-48.  
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By contrast, expression of wtSPs at levels many fold higher than endogenous miRNA 
target transcripts did not appear to impact miRNA action. This implies that efficiently 
cleaved endogenous plant miRNA targets are unlikely to act as competitive inhibitors 
against one another. Supporting this is our recent report showing that the stoichiometric 
ratio of a miRNA:target interaction only becomes important when cleavage has been 
attenuated (Li et al., 2014a). Therefore, it is clear that targets in which miRISC recycling 
is attenuated have the highest chance of perturbing miRNA activity (Franco-Zorrilla et 
al., 2007; Poliseno et al., 2010).  
 
 
3.4.2 CmSPs, MIMs and STTMs all display varying efficacies  
By directly comparing the silencing efficacy of MIMs, STTMs and cmSPs, it was clearly 
shown that all three approaches are variable in their effectiveness in the inhibition of 
miRNA-mediated activity. For instance, although cmSP165/166 (15x) and 
STTM165/166 were more effective at inhibiting miR165/166 than MIM165/166, 
MIM159 was more effective at inhibiting miR159 than both cmSP159 and STTM159 
(Figure 3.7). Therefore, from this study of the efficacy of multiple approaches targeting 
multiple miRNA families, it is clear that no one approach guarantees the strongest 
outcome. Most unexpected was the weak efficacy of STTM159; the general rules for 
STTM design were followed [two MIM159 binding sites linked by the empirically 
determined 48 nt spacer of identical sequence to Yan et al. (2012)]; however, STTM159 
had a much weaker efficacy than both MIM159 and cmSP159. This weaker efficacy also 
strongly contrasts to the robust silencing outcomes of other STTMs, which has been 
reported (Yan et al., 2012). Similarly, MIM165/166 appears weak by comparison to many 
other MIMs targeting different miRNA families (Todesco et al., 2010), which again 
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suggests strong variation in any one given method. Therefore, this raises the question of 
why these approaches vary so dramatically against different miRNA families and what 
the factors controlling these variable efficacies are. 
 
3.4.3 Factors influencing decoy efficacy  
Firstly, a strong ΔG interaction between the miRNA and its target has been shown to be 
an important determining factor in miRNA target recognition in plants, where a strong 
ΔG value is a strong determinant of specificity (Schwab et al., 2005). On the one hand, a 
strong ΔG interaction would facilitate target recognition that would be considered 
beneficial, but on the other hand, it may encourage cleavage even with two central 
mismatches as would be the case for SPs, preventing miRISC sequestration. In this 
regard, a target site with a 3 nt loop opposite nt 10 and 11, as incorporated into MIMs and 
STTMs, would be clearly beneficial, leading to a combination of a non-cleavable binding 
site with a strong ΔG interaction and this is what appears to occur naturally in plants 
(Franco-Zorrilla et al., 2007; Wu et al., 2013).  
 
Interestingly, the ΔG interaction between miR165/166 and the different decoys somewhat 
correlates with their efficacy; MIM165/166 has the poorest ΔG (-26.9 kcal/mol), while 
both cmSP165/166 and STTM165/166-48 have stronger ΔG values (-31.3 kcal/mol and -
35.5 kcal/mol, respectively). The fact that MIM165/166 contains a T:C mismatch at nt 
position 11 of the miRNA that was changed to a G:C pair in STTM165/166- 48 (Table 
3.1) underlies the difference in ΔG values and possibly contributes to the poor efficacy 
of MIM165/166. This is supported by the observation that repairing this mismatch 
resulted in a slightly stronger efficacy in SP165/166 (15x MIM-MC) compared to 
SP165/166 (15x MIM) (Figure 3.4). Continuing this trend, MIM159 (-28.8 kcal/mol) has 
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a stronger ΔG to miR159 than cmSP159 (-26.3 kcal/mol). Such data argue that ΔG values 
are a factor worth taking into account when designing such constructs.  
 
However, it is clear that the ΔG value is not an absolute indicator of efficacy as 
highlighted by MIM159 having a much greater efficacy than STTM159 despite both 
having identical miR159 binding sites. Additionally, in rice, a MIM that had two 
mismatches against an artificial miRNA (amiRNA) conferred a stronger efficacy than a 
MIM with no mismatches (Chen et al., 2013). Therefore, factors beyond complementarity 
must be contributing to decoy efficacy. One obvious factor could be the stability of the 
decoy transcript; for instance, many natural SP transcripts in animals are circular, which 
may increase their resistance to degradation (Hansen et al., 2013). Although all decoys 
analyzed in this study were in the same vector backbone, meaning that the transcription 
rate should not be a differential factor, it is possible that the different decoy transcripts 
have different RNA stabilities.  
 
Another likely factor is RNA secondary structure. In the development of the STTM 
technology, Yan et al. (2012) have shown that the length of the DNA spacer between the 
two MIM sites is predicted to influence secondary RNA structure, which was 
hypothesized as a contributing factor to the strong efficacy of STTM165/166. For 
instance, increasing the spacer length of the STTM165/166 from 48 nt to 88–96 nt 
increases the frequency of transgenic plants with a severe phenotype from approximately 
30% to over 60% (Yan et al., 2012). However, even if the spacer sequence is identical 
between different STTMs targeting different miRNAs, the sequence of the miRNA 
binding sites will vary, likely resulting in altered RNA secondary structures as based on 
in silico predictions (Figure 3.8). Likewise, changing the miRNA binding site in cmSPs 
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and MIMs changes their predicted RNA secondary structure, which may subsequently 
impact miRNA binding site accessibility and decoy stability (Figure 3.8, 3.9). However, 
target site accessibility did not strongly correlate with decoy efficacy (Figure 3.9), where 
MIM172 had the lowest accessibility, despite having a strong efficacy (Todesco et al., 
2010). Similarly, there was no clear correlation between decoy efficacy and RNA 
secondary structure, where whether a miRNA binding site was located in a stem or a loop 
was not indicative of decoy efficacy. Therefore, bioinformatic predictions of these 
parameters are not a reliable indicator of decoy efficacy.  
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Figure 3.8: Prediction of RNA secondary structure of different STTMs and cmSPs. 
RNA secondary structures of STTMs (A) and cmSPs (B) were predicted using the Vienna 
RNAfold web server (http://rna.tbi.univie.ac.at/). The heat map indicates base-pair 
probabilities from low (blue) to high (red). Sequences encircled in black mark the miRNA 
binding site.  
 
 
 
86 
 
 
Figure 3.9: Prediction of RNA secondary structure and miRNA target site 
accessibility of different MIM constructs.  
RNA secondary structures of MIMs were predicted using the Vienna RNAfold web server 
(http://rna.tbi.univie.ac.at/). The heat map indicates base-pair probabilities from low 
(blue) to high (red). Sequences encircled in black mark the miRNA binding site. The 
miRNA target site accessibility of MIMs was calculated as the energy required for un-
pairing all target site nucleotides (ΔG
open
) using the Vienna RNAup web server 
(http://rna.tbi.univie.ac.at/). The target site was defined as the miRNA binding site plus 
17 nt upstream and 13 nt downstream, which has been determined as optimal window in 
Kertesz et al., 2007, and is used by the psRNATarget server (Dai and Zhao, 2011).  
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With regards to a SP construct, one possible advantage of having so many miRNA 
binding sites is that there is more chance of having at least some sites with high 
accessibility, and this could be the reason why increasing the number of binding sites 
within a cmSP improves efficacy. However, a higher number of miRNA binding sites 
does not always correlate with a better efficacy as shown by MIM159 having a stronger 
efficacy than both cmSP159 (15x) and STTM159. Clearly, the different contexts that 
these binding sites are within strongly impact efficacy. Interestingly, the MIM context 
corresponds to the endogenous IPS1 sequence, an approximately 600 nt non-protein 
coding transcript in both dicots and monocots, raising the possibility that features have 
evolved within these transcripts that facilitate miRNA recognition and inhibition (Franco-
Zorrilla et al., 2007).  
 
In conclusion, from the comparison of the different technologies, it appears that no one 
approach can be equally applied to all miRNAs guaranteeing the strongest inhibition of 
miRNA activity; optimizing decoy features for inhibiting one miRNA family may 
potentially not be able to generally be applied to all miRNAs. This likely highlights not 
only the subtleties between the different miRNA families that remain to be discovered, 
but also our lack of knowledge of the factors that control the efficacy of these transcripts 
in being able to be recognized by and subsequently inhibiting the miRNA. Overall, is it 
likely that the SP approach is less reliable than MIMs in inducing a strong loss-of-function 
phenotype; therefore, we do not advocate it as a superior technology, but more of a 
complementary technology for when a MIM/STTM approach only results in a poor 
efficacy. However, we do advocate that when attempting to inhibit miRNA activity, 
multiple decoy constructs may need to be evaluated to determine which has the strongest 
efficacy, so that the desired outcome can be achieved. 
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CHAPTER 4 
Specificity of plant miRNA target MIMICs: cross-targeting of 
miR159 and miR319 
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4.1 Abstract 
Plant miRNA target MIMICs (MIMs) are non-coding RNA transcripts that can inhibit 
endogenous miRNAs, as they contain a miRNA binding site that forms a three nt 
mismatch loop opposite the miRNA cleavage site upon miRNA binding. This loop 
renders the MIMs non-cleavable, presumably leading to sequestration of the miRNA and 
thus enabling the endogenous targets to be deregulated. Arabidopsis miR319 and miR159 
are two closely related but distinct miRNA families, as they are functionally specific for 
two different sets of targets, TCP and MYB genes, respectively. Being offset by one nt, 
MIM319 and MIM159 should have specificity to their respective miRNA families. 
However, MIM319 and MIM159 plants appear indistinguishable, having highly similar 
developmental defects reminiscent of a loss-of-function mir159 mutant. In both MIM319 
and MIM159 plants, miR159 and miR319 levels are reduced, and correspondingly, both 
MYB and TCP mRNA levels are elevated, implying that these MIMs are inhibiting both 
miR159 and miR319. These data demonstrate that MIMs are able to inhibit closely related 
miRNAs, including those with cleavage sites not opposite the three nt loop. This 
highlights that MIMs can have unintended off-target effects and that their use should 
include corresponding molecular analysis to investigate their impact on closely related 
miRNAs. 
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4.2 Introduction 
Plant miRNA act as negative regulators of gene expression by guiding the RISC via base 
pairing to highly complementary binding sites within target mRNAs. Repression of target 
mRNA expression then occurs through mechanisms including target mRNA degradation, 
where RISC-mediated cleavage of the phosphodiester backbone of the target mRNA 
occurs opposite nt 10 and 11 of the miRNA, resulting in the irreversible destruction of 
the transcript (Llave et al., 2002). However, a class of miRNA targets known as MIMs 
has been discovered, which are non-coding transcripts that contain a miRNA binding site 
with a three-nt bulge opposite nt 10 and 11 of the miRNA (Franco-Zorrilla et al., 2007). 
Consequently, the miRNA is unable to cleave the phosphodiester backbone of the MIM 
transcript which presumably leads to the sequestration of the miRNA on the MIM 
transcript facilitating its degradation. Hence, MIMs can inhibit miRNA activity causing 
loss-of-function miRNA effects (Franco-Zorrilla et al., 2007). Artificial MIMs, and 
variations thereof, have now been designed as tools to target miRNAs of interest, being 
stably introduced into the plant via Agrobacterium transformation (Todesco et al., 2010; 
Yan et al., 2012) or transiently with the use of viral vectors (Sha et al., 2014; Yan et al., 
2014), enabling the in vivo functional roles of miRNAs to be elucidated. In terms of their 
inhibitory effects, the position of the three-nt loop has been shown to be critical. An 
artificial MIM targeting Arabidopsis miR172 (MIM172) in which the loop was positioned 
opposite nt 10 and 11 resulted in strong attenuation of miR172 activity, whereas a 
MIM172 with the loop opposite positions 11and 12 was ineffective at perturbing miR172 
activity (Todesco et al.,2010). In this way, the position of the loop could help define 
specificity for closely related, but offset, miRNAs.  
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One such instance is the miR159 and miR319 families, which share 17/21 nt in sequence, 
but are offset by a single nt (Figure 4.1) (Palatnik et al., 2007). Despite their similarity, 
they have distinct target genes; miR159 is specific for a class of genes encoding MYB 
transcription factors (Palatnik et al., 2007), predominantly MYB33 and MYB65 (Allen et 
al., 2007). By contrast, miR319 mainly targets genes encoding TCP transcription factors, 
predominantly TCP2 and TCP4 (Palatnik et al., 2007). MiR319 can also target MYB33 
and MYB65, however due to its low abundance and limited expression domain, regulation 
of MYB33/65 by miR319 is negligible (Palatnik et al., 2007). By comparison, miR159 
has a widespread expression domain and is often found to be the most abundant miRNA 
as determined by deep sequencing, and hence is the major regulator of MYB33/65 
(Palatnik et al., 2007; Allen et al., 2007; Rajagopalan et al., 2006). Highlighting the 
robustness of miR159 repression of MYB33/65, miR159 must be reduced to less than 5% 
of wild-type levels for MYB33/65 deregulation to occur (Allen et al., 2007).  
Curiously however, a MIM designed to target miR319 not only resulted in deregulation 
of the TCP targets, but also, and to a greater extent, the MYB target genes (Franco-Zorrilla 
et al., 2007). As miR319 and miR159 are offset by a single nt, the loop within MIM319 
would not be opposite nt 10 and 11 if bound to miR159 (Figure 4.1), and hence miR159 
would be predicted not to be affected.  
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Figure 4.1: Sequences of MIM159, MIM319 and targeted miRNAs.  
MIM transcripts are highly complementary to their targeted miRNA but contain a 3 nt 
mismatch loop opposite nts 10–11. MiR159 and miR319 have 17 out of 21 nts in 
common, but are offset by one nucleotide. Mismatches between MIMs and miRNAs are 
indicated in red. Nts 10 and 11 of the miRNA (site that demarcates cleavage on the target 
transcript) are highlighted in bold. 
 
 
However, countering this is the deregulation of the MYB33/65 genes in MIM319 plants, 
which implies the activity of the highly abundant and redundant miR159 family members 
must be perturbed in MIM319 plants. Moreover, MIM319 and MIM159 plants result in 
similar severe pleiotropic defects, suggesting that the MIMs could be cross-targeting both 
miR319 and miR159 (Todesco et al., 2010). This would go against the notion that the 
three-nt loop must be opposite nt 10 and 11 of the miRNA to perturb its activity. This 
Chapter aims to resolve this conundrum. 
 
 
 
 
MIM159:      5’- AAGAGCTCCCT
CAA
TCAATCCAAA-3’ 
miR159a:     3’- AUCUCGAGGGA---AGUUAGGUUU-5’ 
miR319a/b:   3’-UCCCUCGAGGGA---AGUCAGGUU -5’ 
 
MIM319:      5’-AAGGAGCTCCT
CTA
TTCAGTCCAA -3’ 
miR319a/b:   3’-UCCCUCGAGGG---AAGUCAGGUU -5’ 
miR159a:     3’- AUCUCGAGGG---AAGUUAGGUUU-5’ 
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4.3 Results  
Firstly, multiple MIM319 and MIM159 primary transformants were generated and the 
frequency and severity of phenotypes elicited by the transgenes were determined. 
Consistent with what has been previously reported, both MIM319 and MIM159 plants 
generated phenotypes reminiscent of the loss-of-function mir159ab mutant, with upward 
leaf curl and a smaller rosette stature, although MIM159 was able to induce a higher 
frequency of transformants with this phenotype (Figure 4.2).  
 
 
 
 
 
 
 
 
 
Figure 4.2: Phenotypic analysis of 4-week-old Arabidopsis plants 
expressing MIM159 and MIM319.  
(A) Wild-type (Col-0) plants and mir159ab double mutant plants were used as controls. 
(B) Col-0 plants expressing MIM159 and (C) MIM319. NP: no phenotype, M: moderate, 
S: severe phenotype. Numbers indicate the portion of primary transgenic lines falling into 
the phenotypic categories shown. Scale bar = 10 mm. 
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Transcript profiling was then carried out on the different phenotypic categories of primary 
transformants, which had been classified as having no phenotype (NP; indistinguishable 
from wild-type), moderate (M; reduced rosette size with moderate leaf curl) or severe (S; 
rosette size similar to mir159ab with most leaves displaying strong curl) morphological 
defects. In agreement with previous data, both MYB33/65 and TCP targets were elevated 
in MIM319 plants, with the MYB targets having a much greater fold change than the 
modest changes observed for the TCP4 gene (Figure 4.3) (Franco-Zorrilla et al., 2007). 
Similar fold-level changes of the MYB and TCP genes were also observed in MIM159 
plants (Figure 4.3). Consistent with the increases in MYB33/65, levels of CP1, which 
serves as a marker for MYB protein activity (Alonso-Peral et al., 2010), were also 
elevated in both MIM319 and MIM159 plants. In all measurements, the fold-level changes 
correlated strongly with the severity of the phenotypes.  
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Figure 4.3: Transcript profiling of 4-week-old Arabidopsis plants 
expressing MIM159 and MIM319.  
qRT-PCR analysis of MYB33, MYB65, CP1 and TCP4 levels measured relative 
to CYCLOPHILIN. RNA was extracted from 4-week-old primary transformants using 
rosette tissue. Measurements are the average of three technical replicates with error bars 
representing the standard error of the mean (SEM). Asterisks mark statistically significant 
changes compared to the wild-type control as determined by Student’s t-test. 
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In accordance with the elevation of targets from both the miR159 and miR319 family, 
measurement of miRNA levels by ABI TaqMan assays found that the abundance of both 
miR319 and miR159 had decreased in both MIM319 and MIM159 plants (Figure 4.4). 
This is clearest for MIM319 S plants, where the abundance of mature miR319 and miR159 
both fall to approximately 30% of wild-type levels. For MIM159 S plants, the cross-
targeting of miR319 does not appear as strong, where the abundance of miR319 levels 
has only been reduced to 75% of wild-type levels (Figure 4.4). Nevertheless, the data 
strongly suggests that both MIMs are able to inhibit the activity of both miRNAs to some 
extent. Interestingly, the measurement of MIM RNA levels showed that the steady-state 
RNA levels of MIM319 is much higher than MIM159 (Figure 4.4). These high MIM319 
RNA levels might partially explain the strong effect MIM319 is having on miR159, where 
miR159 function only becomes compromised in plants with very high MIM319 levels.  
In conclusion, based on this molecular data and the fact that both MIMs generate 
phenotypes reminiscent of mir159ab, the phenotype observed in MIM319 plants is likely 
to be overwhelmingly caused by the inhibition of miR159 function. 
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Figure 4.4: Analysis of MIM and mature miRNA levels 
in MIM159 and MIM319 plants.  
qRT-PCR analysis of MIM RNA levels measured relative to CYCLOPHILIN, and ABI 
TaqMan assays of mature miR159 and miR319 levels measured relative to snoR101. 
RNA was extracted from 35-day-old primary transformants using tissue from whole 
plants. Measurements are the average of three technical replicates with error bars 
representing the SEM. NP: no phenotype, M: moderate, S: severe phenotypes. Asterisks 
mark statistically significant changes compared to wild-type as determined by Student’s 
t-test. 
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4.4 Discussion 
Given the ubiquity and diversity of plant miRNAs, methodologies to understand their 
function will become increasingly important. For RNAi approaches that target protein 
coding mRNAs in plants, unintended off-targeting of sequence-related genes can produce 
misleading results (Senthil-Kumar and Mysore, 2011). Similarly, it was clearly 
demonstrated here that gain-of-function transgenic MIM approaches can also result in 
unintended off-target effects. Therefore, as for standard RNAi approaches which often 
require molecular analysis to confirm specificity of the particular construct, similar 
molecular analyses are likely needed when using MIMs to discriminate the function of 
closely related miRNAs.  
Clearly, this has to be taken as a case-by-case approach. Previously, it was shown for 
MIM172 that a three-nt loop opposite position 10–11 was necessary for miRNA 
inhibition, as a three-nt loop opposite nt 11–12 was insufficient to result in miR172 
inhibition (Todesco et al., 2010). However, this does not appear to be the case for 
miR159/miR319, where a three nt loop opposite nt 10–11 is not mandatory for inhibition, 
but rather poor central complementarity is sufficient to confer an inhibitory effect. Such 
variability between different miRNA families has also been demonstrated for the efficacy 
of different MIMs and associated technologies (Reichel et al., 2015), again highlighting 
variable complex factors controlling MIM – miRNA interactions.  
Although it is clear that the MIM319 can interact with and inhibit miR159, it appears that 
MIM319 is much less efficient at inhibiting miR159 than MIM159. For instance, the MIM 
transcript levels in MIM319 M plants is much higher than those in the MIM159 S plants; 
therefore, it appears that more MIM319 transcript is required to have the same inhibitory 
effect as the MIM159. In this study, both MIMs were under the strong constitutive 2x 35S 
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promoter in pMD32 (Curtis and Grossniklaus, 2003). Interestingly, when MIM319 is 
expressed in a virus-based system, using a Tobacco rattle virus vector, no plants with 
upwardly curled leaves were observed, instead the plants exhibited a phenotype that 
would be expected from loss-of-function of miR319 (Yan et al., 2014). This suggests that 
the strength at which the MIM transgene is being transcribed may play an important part 
in whether it can impose off-target effects, where cross-targeting is more likely to occur 
in transgenic plants with very high MIM expression levels (Figure 4.4).  
Interestingly, despite the MIM159 plants resembling mir159ab loss-of-function mutants, 
miR159 levels in the MIM159 plants were much higher than that in mir159ab (Figure 
4.4). This indicates that measuring miRNA levels in plants expressing MIMs may be 
informative to some extent, but not necessarily an absolute indicator of miRNA activity. 
Previous studies have found that the levels of most miRNAs were reduced in their 
corresponding MIM plant lines, but in some instances this reduction appeared negligible 
despite the MIM conferring a strong phenotype (e.g. MIM156, Todesco et al., 2010). As 
the MIMs are probably sequestering miRNAs, the measured miRNA levels in these lines 
might not all correspond to active miRNAs.  
MiR159 and miR319 are both ancient miRNAs, and their function has been implicated in 
many developmental and environmental processes (Palatnik et al., 2007; Allen et al., 
2007; Nag et al., 2009) in multiple plant species (Ori et al., 2007; Sha et al., 2014). 
Therefore, genetic tools with such MIM319/MIM159 binding sites will have to be used 
with caution to ensure that only the intended targets are affected. More broadly, there are 
many plant miRNA families with multiple family members that have isoforms off-set 
from one another by one or several nts. In Arabidopsis, examples include the miR170/171 
families and the miR169 family amongst many others (Figure 4.5). Again, if MIMs are to 
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be used to investigate the role of particular family members, careful analysis should be 
employed to ensure the desired result is achieved, as it cannot be assumed that because 
the cleavage site of the miRNA is not opposite the loop of the target MIM, its function 
will not be inhibited. 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5: Alignment of sequence related miRNAs from Arabidopsis that are off-
set by one or more nucleotides.  
MiRNA sequences were obtained from miRBase (http://www.mirbase.org/). 
 
 
 
miR156/miR157 isoforms 
156a  ugacagaagagagugagcac 
156b  ugacagaagagagugagcac 
157a uugacagaagauagagagcac 
157b uugacagaagauagagagcac  
 
 
miR167 isoforms 
167a  ugaagcugccagcaugaucua 
167b  ugaagcugccagcaugaucua 
167c  uaagcugccagcaugaucuug  
 
 
miR169 isoforms 
miR169a  cagccaaggaugacuugccga 
miR169b  cagccaaggaugacuugccgg 
miR169c  cagccaaggaugacuugccgg 
miR169d ugagccaaggaugacuugccg 
miR169e ugagccaaggaugacuugccg 
miR169f ugagccaaggaugacuugccg 
miR169g ugagccaaggaugacuugccg 
miR169h uagccaaggaugacuugccug 
miR169i uagccaaggaugacuugccug 
miR169j uagccaaggaugacuugccug 
miR169k uagccaaggaugacuugccug 
miR169l uagccaaggaugacuugccug 
miR169m uagccaaggaugacuugccug 
miR169n uagccaaggaugacuugccug 
 
 
miR170/miR171 isoforms 
170  ugauugagccgugucaauauc 
171a ugauugagccgcgccaauauc 
171b    uugagccgugccaauaucacg 
171c    uugagccgugccaauaucacg 
miR390/miR391 
390a  aagcucaggagggauagcgcc 
390b  aagcucaggagggauagcgcc  
391    uucgcaggagagauagcgcca 
 
 
miR829/miR845 
829.1  agcucugauaccaaaugauggaau 
845a  cggcucugauaccaauugaug 
845b  ucgcucugauaccaaauugaug 
 
 
miR841 isoforms 
841a   auuucuagugggucguauuca 
841b caauuucuagugggucguauu 
 
 
miR858 isoforms 
858a  uuucguugucuguucgaccuu 
858b   uucguugucuguucgaccuug 
 
 
miR5020 isoforms 
5020a        uggaagaaggugagacuugca 
5020b  auggcaugaaagaaggugaga 
5020c   uggcauggaagaaggugagac 
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CHAPTER 5 
The impact of target site structure on miRNA regulation in 
Arabidopsis 
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5.1 Abstract 
Sequence complementarity forms the basis of miRNA:target interactions in plants and is 
generally used as the major criterion for computational miRNA target predictions. The 
miR159 family in Arabidopsis is predicted to target about twenty genes including a family 
of seven conserved GAMYB genes and an additional MYB gene named DUO1. However, 
multiple lines of evidence have shown that only two GAMYB genes, MYB33 and MYB65, 
are strongly regulated by miR159. As all predicted targets have miR159 binding sites 
with similar complementarity, clearly additional factors are required for efficient 
regulation. Previously, I have shown that the nucleotides immediately adjacent to the 
miR159 binding site in MYB33 are required for strong silencing, as their mutation 
strongly perturbed miR159 regulation, which demonstrates that contextual features have 
an important influence on miRNA silencing. In this Chapter, I investigated the underlying 
mechanism of how these nucleotides confer sensitivity to miR159 regulation. I found that 
both MYB33 and MYB65 are predicted to contain strong RNA stem-loop secondary 
structures abutting the miR159 binding site, which are conserved in MYB33 homologs of 
other plant species, but are not present in the other Arabidopsis GAMYB genes. To test 
whether these structures play a role in miR159 regulation of MYB33, I introduced 
mutations to disrupt the stem-loop structures, which led to the attenuation of miR159 
regulation. Conversely, introducing complementary mutations to restore the RNA 
secondary structures, but not the sequence, restored strong miR159-mediated silencing. 
This argues that RNA secondary structure of the miR159 binding site in target genes is 
critical for miRNA regulation in plants and highlights the importance of factors beyond 
complementarity.     
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5.2 Introduction 
In plants, sequence complementarity is still used as the major factor in predicting miRNA-
target interactions, where high miRNA-target sequence complementarity is equated with 
strong interaction and silencing. However, it is clear that complementarity is not a reliable 
indicator of the strength of miRNA interaction (Wang et al., 2015). This has been shown 
by the different decoy constructs that have identical miRNA binding sites, but very 
different efficacies of miRNA inhibition, presumably due to differential target 
recognition (Chapter 3; Reichel et al., 2015). The functional ramifications of this is that 
bioinformatic programs, which are also largely based on sequence complementarity, often 
fail to accurately predict biologically relevant targets, where from numerous predicted 
targets, only a select few are functionally significant (Seitz, 2009).  
A plant example in which functional specificity has been investigated is the Arabidopsis 
miR159 system (Allen et al., 2007; 2010). Here, the miR159 family is encoded by three 
genes, MIR159a, MIR159b and MIR159c, which are located in different regions of the 
genome (Park et al., 2002; Rhoades et al., 2002). The mature miRNAs produced from 
these genes are 21 nt in length, with the sequence of miR159a and miR159b only differing 
by one nucleotide, while miR159a and miR159c differ by two nucleotides (Figure 5.1.A) 
(Park et al., 2002). Deep sequencing revealed that miR159a and miR159b are the most 
abundant isoforms, whereas miR159c has much lower expression levels (Figure 5.1A) 
(Rajagopalan et al., 2006) and has no obvious functional role (Allen et al., 2010). 
MiR159a and miR159b are bioinformatically predicted to regulate more than twenty 
targets, including eight conserved MYB transcription factors (Allen et al., 2010) (Figure 
5.1A). However, genetic analysis revealed that miR159-mediated regulation of only two 
of the predicted target genes, MYB33 and MYB65, are physiologically relevant as the 
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pleiotropic developmental defects of a mir159ab loss-of-function double mutant can be 
fully restored by knock-out of MYB33 and MYB65 (Allen et al., 2007) (Figure 5.1B). 
Furthermore, constitutive transgenic expression of GAMYB genes using the 35S promoter 
in Arabidopsis showed that only MYB33 and MYB65 can be strongly regulated by 
miR159, as constitutive expression of the other five GAMYB genes failed to be strongly 
silenced (Zihui Zheng, data not shown). Together, these data argue that MYB33 and 
MYB65 are highly sensitive of miR159-regulation.  
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Figure 5.1: The miR159:MYB system in Arabidopsis.  
(A) Nucleotide sequences and relative abundances (Rajagopalan et al., 2006) of miR159a, 
miR159b and miR159c, and predicted miR159 targets from three different plant 
bioinformatics programs:  P = psRNATarget (Dai and Zhao., 2011), M = miRU (Zhang, 
2005), H = RNAhybM (Alves-Junior et al., 2009). Mature miR159 members are shown 
3'- 5‘, targets are shown 5’-3’. Target mismatches with miR159a are bold, miR159 
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Target     Gene ID    
MYB33      At5g06100    UGGAGCUCCCUUCAUUCCAAU-3’   P/M/H 
MYB65      At3g11440    UGGAGCUCCCUUCAUUCCAAU-3’   P/M/H 
MYB101     At2g32460    UAGAGCUUCCUUCAAACCAAA-3’   P/M/H 
MYB104     At2g26950    UGGAGCUCCCUUCAUUCCAAG-3’   P/M/H 
MYB81      At2g26960    UCGAGUUCCCUUCAUUCCAAU-3’   M/H 
MYB97      At4g26930    AUGAGCUCUCUUCAAACCAAA-3’   P/M/H 
MYB120     At5g55020    AGCAGCUCCCUUCAAACCAAA-3’   P/M/H 
DUO1       At3g60460    UGGAGCUCCAUUCGAUCCAAA-3’   P/M 
ACS8       At4g37770    UCGAGUUUCUUUCAAUCCAAA-3’   P/M 
OPT1       At5g55930    UAGAGCUUUCUUCAUUCCAAC-3’   M/H 
MRG1       At2g34010    UAGAGCCCCCUUCAAACCAAA-3’   P/H 
MRG-s      At1g29010    UAGAGCCUCCUUCAAGCCAAA-3’   P/M 
PHD        At3g61740    UAGAGCUCUCUUAAGUCUAAA-3’   P/M 
ExProt     At3g06450    AAGAGCUCCGUUCAGUCCACG-3’   M 
NAS2       At5g56080    UAGAGCUUUCUUGUAUCCAAU-3’   M 
NPH3 Prot  At5g17580    AAAAGCUUCCUACGAUCCAAG-3’   M(159b) 
                                       
SPL    At4g27330    AUGAGCUCUCUUCAAUCCAAA-3’   H 
 
PPDK        At4g15530    AAGAGUUUCCUUCAAUCCAAA-3’   P  
U 
G 
miR159a: 3’- AUCUCGAGGGAAGUUAGGUUU - 5’ 
miR159b: 3’- UUCUCGAGGGAAGUUAGGUUU - 5’ 
miR159c: 3’- UCCUCGAGGGAAGUUAGGUUU - 5’ 
4306 
387 
3 
Relative 
abundance 
A Sequences of the miR159 family members 
miR159a 
miR159b 
MYB33 
MYB65 
wild-type   mir159ab   mir159ab/myb33/myb65 
B 
C 
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cleavage site is underlined. Bioinformatically identified targets specific for miR159b or 
miR159c are indicated with brackets. (Table courtesy of Rob Allen). (B) Phenotypes of 
mir159ab double mutants and mir159ab/myb33/myb65 quadruple mutants (Allen et al., 
2007). (C) Model for the miR159:MYB regulatory model where miR159a and miR159b 
repress MYB33 and MYB65. 
 
 
The fact that all GAMYB genes have a miR159 binding site with a similar overall 
complementarity suggests that sequence complementarity alone does not guarantee 
strong miRNA regulation and that additional factor(s) are at play that make MYB33 and 
MYB65 sensitive targets of miR159. For my Masters’ degree, I studied factors impacting 
miR159-mediated silencing of MYB33 and found that the nucleotides immediately 
adjacent to the miR159 binding site within the MYB33 gene are strongly conserved 
amongst MYB33 homologs in a wide range of plant species (Li et al., 2014a). Moreover, 
I demonstrated that these nucleotides are required for efficient silencing of MYB33, as 
mutating these nucleotides (five upstream and six downstream of the miR159 binding 
site) strongly perturbed miR159-mediated regulation, having a similar impact on 
silencing as mutating the cleavage site nucleotides of the miR159 binding site of MYB33 
(Li et al., 2014a). This is the first report of nucleotides outside of a plant miRNA-binding 
site impacting silencing, raising the intriguing question of what the underlying 
mechanism is.  
In animals, it has long been known that the contextual sequence features in which a 
miRNA-binding site resides can strongly impact silencing. For example, miRNA-binding 
site accessibility was shown to be important, where introduction of mutations to decrease 
predicted accessibility disrupted efficient regulation, again with impacts being as strong 
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as mutations within the binding site itself (Kertesz et al., 2007). Accessibility appears 
crucial, as the miRNA-loaded RISC is unable to unwind structured RNA, so that 
accessibility directly correlates with the strength of regulation (Ameres et al., 2007). This 
may in part explain why for certain miRNA-target interactions, strong regulation only 
occurs when the binding sites are within specific sequence arrangements or contexts 
(Didiano and Hobert, 2006). Finally, other factors impacting the efficiency of regulation 
include RNA-binding proteins (RBPs), which can either inhibit or facilitate the access of 
the miRNA to its binding site (Kedde et al, 2010).  
This Chapter aims to explore the possible mechanism behind the role of the conserved 
nucleotides in contributing to the efficient silencing of MYB33.   
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5.3 Results 
 
5.3.1 The miR159 binding site of MYB33 and MYB65 is flanked by a strongly 
conserved predicted RNA secondary structure 
To determine whether MYB33 and MYB65 have highly accessible miR159-binding sites, 
the predicted RNA secondary structure of these genes were determined using the Vienna 
RNA fold server. Interestingly, both genes contain two highly similar putative stem-loop 
structures (designated SL1 and SL2) upstream of the miR159 binding site, which are 
formed by the nucleotides immediately 5’ to the miR159 binding site as well as the first 
six nucleotides of the binding site itself (Figure 5.2A). These structures, which have high 
base-pairing probabilities, are predicted to be conserved in MYB33 homologues of closely 
related species, such as Arabidopsis lyrata, and also loosely conserved in those of more 
distantly related species such as barley (Hordeum vulgare) and wheat (Triticum aestivum) 
(Figure 5.2B).  
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Figure 5.2: Predicted RNA secondary structure of Arabidopsis MYB33/65 and 
MYB33 homologs from other plant species. 
Predicted RNA secondary structure of strongly regulated Arabidopsis MYB33 and MYB65 
(A) and MYB33 homologues in Arabidopsis lyrata, Hordeum vulgare and Triticum 
aestivum (B). Structures were predicted via the Vienna RNAfold web server using a 221 
bp window of the coding regions (miR159 binding site plus 100 bp up- and downstream). 
The miR159 binding site is encircled in black and the arrow indicates the miR159 
cleavage site. The heat map indicates the probability of second structure formation, from 
low (blue) to high (red).  
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Interestingly, the nucleotides forming the stems of SL1 and SL2 of Arabidopsis MYB33 
are also largely conserved across species (Figure 5.3). Here, two complementary 
conserved core motifs of 5`-GCCAT and 5`-ATGGC correspond to the stem of SL1, and 
two more loosely conserved motifs, 5`-CTTC and 5`-GAAG, help to form the stem of 
SL2. The fact that these stem nucleotides are being conserved argues that these particular 
RNA secondary structures are being strongly selected for.  
 
 
 
 
 
 
 
 
 
 
Figure 5.3: Sequence alignment of MYB33 homologues. 
Sequence alignment was performed using the ClustalW2 web server. Nucleotides are 
grouped into codons of the reading frame and conserved nucleotides are marked with an 
asterisk (*). The miR159 binding site is indicated with a yellow box. Sequences forming 
SL1 are marked in a blue box, and sequences forming SL2 in a grey box. Species include 
monocots (Tm: Triticum monococcum, Hv: Hordeum vulgare, Tt: Triticum turqidum, Ta: 
Triticum aestivum, Lt: Lolium tremulentum, Os: Oryza sativa, Sb: Sorghum bicolor, Zm: 
Ta     CTT ACT GGC AGC CAT GCC TTT TTA AAT GGC ACC TTC TCT ACT TCT AGG ACC ATC AAT GGC 
Tm     CTT ACT GGC AGC CAT GCC TTT TTA AAT GGC ACC TTC TCT ACT TCT AGG ACC ATC AAT GGT  
Tt     CTT ACT GGC AGC CAT GCC TTT TTA AAT GGC ACC TTT TTT ACT TCT AGG ACC ATC AAT GGT  
Hv     CTT ACT GGC AGC CAT GCC TTT TTA AAT GGC ACC TTC TCT ACT TCT AGG ACC ATC AAT GGT  
Lt     CTT ACT GGC AGC CAT GCC TAT TTA AAT GGC ACC TTC TCT GCT TCT AGG TCC ACA AAT GGT 
Os1    CTT AAT GGC AGC CAT GCC TTT TTA AAT GGC AAT TTC TCT GCT TCT AGG CCC ACA AGT GGT 
Os2    CTT AAT GGC AGC CAT GCC TTT TTA AAT GGC AAT TTC TCT GCT TCT AGG CCC ACA AGT GGT 
Sb     CTT ACT GGC AGC CAT GCC TTT CTA AAT GGC AAC TTC TCT GCT TCT AGG CCC ACA AAT GGT 
Zm     CTT ACT GGC AGC CAT GCC TTT TTA AAT GGC AAT TTC TCT GCT TCT AGG CCC ACA AAT GGT 
Rc     ATC AG- GGC AGC CAT ACC CTT GCA AAT GGC GAT TTC TCT ACT TCC AAG CTC ACC TCT GGG  
Pt     ATC AG- GGT AGC CAT ACC CTT GCT AAT GGC GAT TTC TCT GCT TCT AAG CCC ACT TCA GAG 
Vv     TGC AG- GGT AGC CAT GCC CTT TTA AAT GGC AAC TTC TCT GCT TCT AAG CCC ATT TCT GGG 
MYB33  ATT CCA GAT AGC CAT ACC CCT ACG GAT GGC ATT GTT CCT TAT TCT AAG CCC TTA TAT GGG 
Al     ATT TCA GAT AGC CAT ACC CCT ACG GAT GGC ATT GTT CCT TCT TCT AAG CCC TCA TAT GGG  
MYB65  GTT CCT GAT AGC CAT ACA GTT ACG TAT GGC ATG CAT CCT ACT TCT AAG CCC TTG TTT GGG 
               *   *** ***  *    *      ** ***           *   * **  * *   *         * 
Ta     CCT TTG AAG ATG GAG CTC CCT TCA CTC CAA GAT ACC GAA TCT G-- --A TCC GAA TAG CTG 
Tm     CCT TTG AAG ATG GAG CTC CCT TCA CTC CAA GAT ACC GAA TCT G-- --A TCC GAA TAG CTG 
Tt     CCT TTG AAG ATG GAG CTC CCT TCA CTC CAA GAT ACC GAA TTT G-- --A TCC GAA TAG CTG 
Hv     CCT TTG AAG ATG GAG CTC CCT TCA CTC CAA GAT ACC GAA TCT G-- --A TCC GAA TAG CTG 
Lt     CCT TTG AAG ATG GAG CTC CCT TCA CTC CAA GAT ACC GAA TCT G-- --A CCC AAA TAG CTG 
Os1    CCT TTG AAG ATG GAG CTC CCT TCA CTC CAA GAT ACT GAA TCT G-- --A TCC AAA CAG CTG 
Os2    CCT TTG AAG ATG GAG CTC CCT TCA CTC CAA GAT ACT GAA TCT G-- --A TCC AAA CAG CTG 
Sb     CCT TTG AAG ATG GAG CTC CCT TCA CTC CAA GAT ACT GAA TCT G-- --A TCC AAA TAG CTG 
Zm     CCT TTG AAG ATG GAG CTC CCT TCA CTC CAA GAT ACT GAA TCT G-- --A TCC AAA TAG CTG 
Rc     CCT GTG AAG TTG GAG CTC CCT TCA CTC CAA TAT CCA GAA ACT G-- --A TTT AGG TAG CTG 
Pt     GCT GTG AAG TTT GAG CTC CCT TCA CTC CAA TAT GCA GAA ACT G-- --A TTT AGG TGG CTG 
Vv     CCT GTG AAG TTG GAG CTC CCT TCA CTC CAA TAT CTA GAA ACC G-- --A TTT AGG TGG CTG 
MYB33  GCA GTG AAG CTG GAG CTC CCT TCA TTC CAA TAT TCA GAA ACA A-- -CA TTT GAC CAG TGG 
Al     GCA GTG AAG CTG GAG CTC CCT TCA TTC CAA TAT TCA GAA ACA A-- -CA TTT GAC CAG TGG 
MYB65  GCA GTG AAG CTG GAG CTC CCT TCA TTC CAA TAT TCA GAA ACT AGT GCA TTT GAT CAG TGG 
        *   ** ***  *  *** *** *** ***  ** ***  **     ***           *           *   * 
miR159 binding site 
SL1 SL2 SL1 
SL2 
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Zea mays) and dicots (At: Arabidopsis thaliana, Al: Arabidopsis lyrata, Vv: Vitis vinifera, 
Pt: Populus trichocarpa, Rc: Ricinus communis).  
 
 
 
Curiously, SL1 and SL2 are not predicted to form in the other six Arabidopsis MYB genes 
that do appear to be physiological targets of miR159, but are poorly regulated (Zihui 
Zheng, data not shown), such as MYB81, MYB97, MYB101, MYB104, MYB120 and 
DUO1 (Figure 5.4).  
 
Figure 5.4: Predicted RNA secondary structure of MYB genes. 
Predicted RNA secondary structure of Arabidopsis MYB81, MYB97, MYB101, MYB104, 
MYB120 and DUO1. Structures were predicted via the Vienna RNAfold web server using 
a 221 bp window of the coding regions (miR159 binding site plus 100 bp up- and 
downstream). The miR159 binding site is encircled in black and the arrow indicates the 
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miR159 cleavage site. The heat map indicates the probability of second structure 
formation, from low (blue) to high (red).  
 
 
5.3.2 The predicted secondary structure of the MYB33 mRNA impacts miR159-
mediated silencing 
Firstly, to test whether the predicted SL1 and SL2 structures have an impact on miR159 
regulation, mutations disrupting these structures, but not impacting the sequence of the 
miR159 binding site nor the amino acid sequence of the MYB33 protein, were introduced 
into a MYB33 genomic clone (designated MYB33 mSL1+2) (Figure 5.5A). Secondly, a 
construct containing further mutations to restore the predicted SL1 and SL2 structures 
identical to those in MYB33 was generated (designated MYB33 rSL1+2) (Figure 5.5A). 
As this construct will now result in a MYB33 protein with a different amino acid sequence 
(Figure 5.5B), potentially impacting MYB33 protein activity, a control construct was 
generated encoding an identical MYB33 protein, but with a miR159-resistant binding site 
(designated mMYB33 rSL1+2) (Figure 5.5B). These three constructs, as well as the wild-
type MYB33 gene as positive control, were individually transformed into myb33 plants 
and multiple primary transformants were selected and classified according to their 
phenotype. Classification was done as previously described, with plants being classified 
as having no phenotype (NP) if indistinguishable from wild-type, or having weak (leaf 
curl with no growth reduction), moderate (leaf curl with some growth reduction) or severe 
(strong leaf curl with growth reduction comparable to mir159ab) phenotypes.   
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Figure 5.5: Disruption and reconstitution of stem-loop structures in MYB33.   
(A) Synonymous mutations were introduced into MYB33 to disrupt the stem-loop 
structures (SL1+2) resulting in MYB33 mSL1+2. Complimentary mutations were then 
introduced to restore SL1+2, generating MYB33 rSL1+2. RNA secondary structures were 
                                  SL2                       miR159 binding site 
 
                  V   P   Y   S   K   P   L   Y   G   A   V   K   L   E   L   P   S   F   Q   Y   
MYB33         5’-GTT CCT TAT TCT AAG CCC TTA TAT GGG GCA GTG AAG CTG GAG CTC CCT TCA TTC CAA TAT-3’  
                       *   * **  * *   *         *    *   ** ***  *  *** *** *** ***  ** ***  **  
         
                  V   P   Y   S   K   P   L   Y   G   A   V   K   L   E   L   P   S   F   Q   Y  
MYB33 mSL1+2  5’-GTT CCC TAC AGT AAA CCT TTA TAT GGG GCA GTG AAG CTG GAG CTC CCT TCA TTC CAA TAT-3’   
                       *   * **  * *   *         *    *   ** ***  *  *** *** *** ***  ** ***  **  
 
                  V   P   Y   S   K   P   L   Y   E   V   V   W   L   E   L   P   S   F   Q   Y  
MYB33 rSL1+2  5’-GTT CCC TAC AGT AAA CCT TTA TAT GAG GTA GTC TGG CTG GAG CTC CCT TCA TTC CAA TAT-3’   
                       *   * **  * *   *         *    *   ** ***  *  *** *** *** ***  ** ***  ** 
  
                  V   P   Y   S   K   P   L   Y   E   V   V   W   L   E   L   P   S   F   Q   Y  
mMYB33 rSL1+2 5’-GTT CCC TAC AGT AAA CCT TTA TAT GAG GTA GTC TGG CTc GAa tTg CCa agc TTt CAg TAT-3’   
                       *   * **  * *   *         *    *   ** ***  *  *** *** *** ***  ** ***  **  
                                   SL1 
 
                   P   D   S   H   T   P   T   D   G   I    
MYB33          5’-CCA GAT AGC CAT ACC CCT ACG GAT GGC ATT-3’   
                      *   *** ***  *    *      ** ***   
              
                   P   D   S   H   T   P   T   D   G   I    
MYB33 mSL1+2   5’-CCA GAT TCT CAC ACC CCA ACG GAC GGT ATT-3’    
                      *   *** ***  *    *      ** ***  
      
                   P   D   S   R   T   P   T   G   E   F    
MYB33 rSL1+2   5’-CCT GAT TCT CGC ACC CCA ACG GGC GAG TTT-3’    
                      *   *** ***  *    *      ** ***       
   
                   P   D   S   R   T   P   T   G   E   F    
mMYB33 rSL1+2  5’-CCT GAT TCT CGC ACC CCA ACG GGC GAG TTT-3’    
                      *   *** ***  *    *      ** ***       
MYB33 mSL1+2 MYB33 rSL1+2 MYB33 A 
B
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predicted using the Vienna RNAfold web server (http://rna.tbi.univie.ac.at/). (B) 
Nucleotide and amino acid sequences of the stem-loop structures in MYB33, MYB33 
m/rSL1+2 and mMYB33 rSL1+2. The miR159 binding site is encircled in black. 
Nucleotide changes to disrupt SL1+2 and amino acid changes are marked in red, 
nucleotide changes to restore SL1+2 are marked in blue, nucleotide changes in the 
miR159 binding site are in lower case. 
 
Consistent with previous studies (Millar and Gubler, 2005; Li et al., 2014a), the vast 
majority of MYB33 transformants did not have any phenotypic abnormalities, 
demonstrating that the wild-type MYB33 gene is strongly silenced by miR159 (Figure 
5.6A, C). However, 25% (9/35 plants) of MYB33 mSL1+2 transformants had weak and 
54% (19/35 plants) had moderate phenotypes (Figure 5.6B, C), indicating that miR159 
regulation of this construct has been perturbed. In contrast, 93% (43/46) of MYB33 
rSL1+2 plants had no phenotype, where the distributions of classified phenotypes were 
highly similar to the wild-type MYB33 gene (Figure 5.6B, C). This suggests that restoring 
SL1 and SL2 leads to strong silencing of MYB33 rSL1+2, or that mutations within the 
MYB33 protein encoded by the MYB33 rSL1+2 gene was dramatically impacting 
MYB33 protein activity. However, 22% (5/23 plants) and 65% (15/23 plants) of mMYB33 
rSL1+2 plants had moderate and severe phenotypes, respectively (Figure 5.6B, C), 
confirming that the absence of a phenotype in MYB33 rSL1+2 plants is not due to an 
attenuated MYB33 protein activity, but rather restoration of sensitivity to miR159-
mediated silencing.  
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Figure 5.6: Impact of stem-loop structures on MYB33 regulation.                    
(A) Phenotypes of 4-week-old wild-type (myb33), mir159ab and MYB33 control plants. 
(B) Representatives of 4-week-old primary transformants of MYB33 mSL1+2, MYB33 
rSL1+2 and mMYB33 rSL1+2. (C) Number of transformants falling into each phenotypic 
category, as a percentage of the total number of transformants analysed for each construct 
(n). NP: no phenotype, W: weak, M: moderate, S: severe 
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Next, MYB33 mRNA levels were measured in the different phenotypic categories of 
MYB33, MYB33 mSL1+2 and MYB33 rSL1+2 transgenic plants. Levels of MYB33 
transcript will dependent on two factors; firstly, the strength of transcription of the 
transgene, and secondly, the strength of miR159-mediated silencing, which includes a 
transcript cleavage/degradation mechanism, as well as a translational repression 
mechanism (Li et al., 2014a). Consistent with the transcript cleavage mechanism, 
mMYB33 rSL1+2 plants with a severe phenotype have high levels of miR159-resistant 
mMYB33 rSL1+2 transcript. However, MYB33 rSL1+2 plants with a weak phenotype 
have an even higher level of MYB33 transcript, and much higher than the corresponding 
levels in MYB33 mSL1+2 plants (Figure 5.7). This supports the notion that the MYB33 
rSL1+2 transcript is being much more strongly miR159-regulated than the MYB33 
mSL1+2 transcript, as much higher transcript levels are required to result in the same 
phenotypic outcome. 
As a control, MYB65 mRNA levels were measured, which remained unchanged in all 
transgenic plants compared to wild-type (Figure 5.7), indicating that miR159 activity has 
not been perturbed in any of the transgenic lines and that the phenotypes result from the 
changes in MYB33. Together, this data demonstrates that the potential SL1 and SL2 
structures promote strong silencing of MYB33.  
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Figure 5.7: Molecular analysis of 4-week-old Arabidopsis plants 
expressing different stem-loop constructs. qRT-PCR analysis of total MYB33 and 
MYB65 levels in plants expressing MYB33 m/rSL1+2, mMYB33 rSL1+2. Wild-type (Col-
0), myb33, mir159ab and MYB33 plants were used as controls. All measurements are 
relative to CYCLOPHILIN. RNA was extracted from 4-week-old primary transformants 
using tissue from whole plants. Measurements are the average of three technical replicates 
with error bars representing the SEM. NP: no phenotype, W: weak, M: moderate, S: 
severe.  
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5.3.3 Engineering predicted RNA stem-loop structures in MYB81 and MYB101  
Based on the finding that the predicted SL1 and SL2 structures are necessary for strong 
miR159-regulation of MYB33, it was tested whether silencing of MYB81 and MYB101, 
two poorly regulated genes (Zihui Zheng, data not shown), could be improved by 
introducing predicted structures identical to the MYB33 SL1 and SL2 structures.    
To do this, multiple nucleotides of the endogenous MYB81 and MYB101 sequence were 
mutated, so that the transcripts were predicted to form the same SL1 and SL2 structures 
as found in MYB33 (Figure 5.8 and 5.9). As the amino acid sequence of these constructs, 
termed MYB81 SL1+2 and MYB101 SL1+2, had to be changed to generate the stem-loop 
structures, control constructs were created to ensure that the resulting proteins were still 
functional. The control constructs, termed mMYB81 SL1+2 and mMYB101 SL1+2, 
contained the same amino acid changes as well as a mutated miR159 binding site (Figure 
5.8 and 5.9).  
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Figure 5.8: Sequences and predicted RNA secondary structure of MYB81 SL1+2 
constructs.  
(A) RNA secondary structures of MYB33, MYB81, MYB81 SL1+2 and mMYB81 SL1+2 
were predicted with the Vienna RNAfold web server (http://rna.tbi.univie.ac.at/) using a 
221 bp window of the coding regions (miR159 binding site plus 100 bp up- and 
downstream). The heat map indicates base-pair probabilities from low (blue) to high 
(red). Sequences encircled in black mark the miR159 binding site and the arrows indicate 
the miR159 cleavage site. (B) Nucleotide and amino acid changes introduced to generate 
MYB81 SL1+2 and mMYB81 SL1+2 compared to MYB81. The miR159 binding site is 
encircled in black. Nucleotide changes are marked in red and amino acid changes are 
underlined. 
 
MYB33 MYB81 MYB81 SL1+2 mMYB81 SL1+2 A 
B 
MYB81 
Leu Leu Gly Asn Ala Ala Tyr Ser Ser Pro Pro Gly Pro Leu Val His Gly Val Glu Asn Phe Glu Phe Pro Ser Phe Gln Tyr 
TTG CTT GGT AAT GCT GCT TAT TCT TCT CCT CCT GGA CCT CTT GTT CAC GGG GTT GAG AAT TTC GAG TTC CCT TCA TTC CAA TAT  
mMYB81 SL1+2  
Thr His Ser Asn Ser His Ala Pro Thr Arg Pro Cys Pro Leu Leu His Ala Ala Tyr Ser Phe Glu Phe Pro Ser Phe Gln Tyr 
acG Cat aGc AAT tCg caT gcg cCT aCT CgT CCc tGc CCg CTg cTT CAt Gca GcT tAc AgT TTC GAa TTt CCa agc TTt CAg TAT 
MYB81 SL1+2  
                                                
Thr His Ser Asn Ser His Ala Pro Thr Arg Pro Cys Pro Leu Leu His Ala Ala Tyr Ser Phe Glu Phe Pro Ser Phe Gln Tyr 
acG Cat aGc AAT tCg caT gcg cCT aCT CgT CCc tGc CCg CTg cTT CAt Gca GcT tAc AgT TTC GAG TTC CCT TCA TTC CAA TAT 
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Figure 5.9: Sequences and predicted RNA secondary structure of MYB101 SL1+2 
constructs.  
(A) RNA secondary structures of MYB33, MYB101, MYB101 SL1+2 and mMYB101 
SL1+2 were predicted with the Vienna RNAfold web server (http://rna.tbi.univie.ac.at/) 
using a 221 bp window of the coding regions (miR159 binding site plus 100 bp up- and 
downstream). The heat map indicates base-pair probabilities from low (blue) to high 
(red). Sequences encircled in black mark the miR159 binding site and the arrows indicate 
the miR159 cleavage site. (B) Nucleotide and amino acid changes introduced to generate 
MYB101 SL1+2 and mMYB101 SL1+2 compared to MYB101. The miR159 binding site 
is encircled in black. Nucleotide changes are marked in red and amino acid changes are 
underlined. 
 
 
MYB33 MYB101 MYB101 SL1+2 mMYB101 SL1+2 
MYB101 
Tyr Ser Ser Leu Leu Met Gly Asp Leu Glu Ile Arg Ser Ser Ser Phe Pro Leu Gly Leu Asp Asn Ser Val Leu Glu Leu Pro Ser Asn Gln Arg 
TAT AGT TCA TTG CTT ATG GGA GAT CTT GAG ATA AGA TCG AGT TCT TTC CCT TTA GGA CTA GAC AAT AGC GTC CTA GAG CTT CCT TCA AAC CAA AGA  
MYB101 SL1+2  
Leu Arg Ser Phe Pro Leu Thr Phe Pro Glu Ala His Ala Leu Ser Arg Ile Tyr Gln Ile Asp Ser Asn Ala Leu Glu Leu Pro Ser Asn Gln Arg  
Ttg AGg TCA TTc Ccg cTt acc ttT Ccg GAa gcg cac gCt ctT TCg cga atc Tac caA aTA Ggt AgT AaC GcC tTA GAG CTT CCT TCA AAC CAA AGA 
mMYB101 SL1+2 
                            
Leu Arg Ser Phe Pro Leu Thr Phe Pro Glu Ala His Ala Leu Ser Arg Ile Tyr Gln Ile Asp Ser Asn Ala Leu Glu Leu Pro Ser Asn Gln Arg  
Ttg AGg TCA TTc Ccg cTt acc ttT Ccg GAa gcg cac gCt ctT TCg cga atc Tac caA atA Ggt AgT AaC GcC tTg GAG CTT CCa agc AAt CAg cGA  
A 
B 
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The stem-loop structures in MYB81 and MYB101 were designed to keep the free energy 
of SL1 and SL2 similar to that of SL1 and SL2 in MYB33 (Figure 5.10), and to have the 
highest possible base pair probabilities to maximise the chances of them forming in vivo.  
 
 Free energy of SL1+2 
MYB33 -25.44 kcal/mol 
MYB101 SL1+2 -24.88 kcal/mol 
MYB81 SL1+2 -25.30 kcal/mol 
 
 
 
 
Figure 5.10: Free energy of stem-loop structures in different constructs. 
SL1+2 in MYB33, MYB101 SL1+2 and MYB81 SL1+2 were folded and their minimum 
free energy was calculated using the Vienna RNAfold web server 
(http://rna.tbi.univie.ac.at/).  
 
 
All constructs were transformed into wild-type (Col-0) and primary transformants were 
grown side-by-side with Col-0 plants overexpressing MYB81 and MYB101 (MYB81 OE, 
MYB101 OE), as well as with plants overexpressing miR159-resistant versions of these 
genes (mMYB81 OE, mMYB101 OE), which have been generated previously in our 
laboratory (Zihui Zheng, unpublished). To assess whether the presence of SL1 and SL2 
could improve miR159-regulation of MYB81 and MYB101, all transformants were 
classified according to their phenotype into plants with no phenotype (NP) or with weak, 
moderate or severe abnormalities as described above (Figure 5.11A).   
MYB33 SL1+2 MYB101 SL1+2 MYB81 SL1+2 
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Comparison of MYB81 SL1+2 to MYB81 OE shows that both constructs result in the same 
percentage of transformants displaying no phenotype and severe defects (8.6% and 
12.7%, respectively; Figure 5.11B). However, MYB81 SL1+2 transformants showed a 
higher frequency of plants with moderate phenotypes compared to MYB81 OE (43.2% 
and 13.9%, respectively) and a lower frequency of plants with weak symptoms (39.5% 
and 60.8%, respectively), indicating that MYB81 SL1+2 is not being more efficiently 
silenced than the endogenous MYB81 transcript. The percentage of mMYB81 SL1+2 
plants falling into the different phenotypic categories is similar to that of MYB81 SL1+2 
plants, confirming that the protein is functional, but also demonstrating that there is not 
much difference in the regulation of these two constructs. mMYB81 OE plants showed 
the highest frequency of morphological defects with 16.4% of plants having severe and 
47.7% having moderate phenotypes (Figure 5.11B).  
When comparing MYB101 SL1+2 to MYB101 OE, a higher percentage of MYB101 SL1+2 
plants showed moderate (57% compared to 47.9%) and severe (31.4% compared to 
16.9%) abnormalities, while more MYB101 OE plants showed no or weak phenotypes 
(Figure 5.11C). This indicates that the regulation of MYB101 SL1+2 has not been 
improved compared to the regulation of endogenous MYB101. The phenotypes observed 
in mMYB101 SL1+2 confirm, like above, that the amino acid changes in MYB101 SL1+2 
did not cause the protein to be inactive. Like with mMYB81 OE, the highest percentage 
of plants with severe phenotypes was seen in mMYB101 OE plants (Figure 5.11C). Taken 
together, these results demonstrate that engineering of potential SL1 and SL2 structures 
in MYB81 and MYB101 is not sufficient to improve miR159 regulation. 
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Figure 5.11: Phenotypic analysis of MYB81/101 SL1+2 constructs.                              
(A) Primary transformants were grown side-by-side and classified according to their 
phenotypes into plants with no phenotype (NP) and with mild, moderate or severe defects. 
(B) Number of MYB81 SL1+2, MYB81 OE, mMYB81 SL1+2, mMYB81 OE transformants 
and (C) MYB101 SL1+2, MYB101 OE, mMYB101 SL1+2, mMYB101 OE transformants 
falling into each phenotypic category as a percentage of the total number of transformants 
analysed for each construct (n). NP: no phenotype, W: weak, M: moderate, S: severe 
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5.4 Discussion 
In this Chapter, a conserved RNA secondary structure consisting of two stem-loops has 
been identified associated with the miR159-binding site of the MYB33 gene. Functional 
analysis argues that this RNA secondary structure is required for efficient miR159 
regulation. This represents the first clear example of RNA secondary structure influencing 
miRNA-mediated silencing in plants and provides the rationale of the why the nucleotides 
flanking the MYB33 gene are important in miR159-mediated regulation.  
 
5.4.1 Secondary structure plays crucial roles in protein-coding and non-coding 
RNAs 
Secondary structure has emerged as crucial factor for a wide range of RNA molecules 
providing scaffolding functions and binding platforms for ligands and proteins (Mortimer 
et al., 2015; Vandivier et al., 2016). The recent development of high-throughput methods 
such as dimethyl sulphide (DMS)- and selective 2-hydroxyl acylation analysed by primer 
extension (SHAPE)-sequencing, where RNA structure probing is coupled to deep 
sequencing, has enabled the analysis of secondary structure across whole transcriptomes 
providing new insights into structural elements in protein-coding and non-coding RNAs 
(Ding et al., 2014). For example, recent global studies in plants and animals have shown 
that RNA structure is important for translational control as regions near the start and stop 
codon tend to have the weakest secondary structures to increase translational efficiency 
(Kertesz et al., 2010; Li et al., 2012a; Li et al., 2012b). Furthermore, RNA structure likely 
influences splicing as suggested by the increase in secondary structure upstream of 
alternative splice sites in Arabidopsis seedlings (Ding et al., 2014). RNA structure also 
plays a role in mRNA processing and stability where highly structured transcripts were 
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found to be generally less abundant in Arabidopsis and transcribed from more 
heterochromatic regions, likely due to a tendency of structural RNAs to be processed into 
small RNAs (Li et al., 2012a).  
 
Secondary structure is not only crucial for protein-coding RNAs but also for non-coding 
RNAs such as transfer RNAs (tRNAs) to transport amino acids and ribosomal RNAs 
(rRNAs) to form functional ribosomes (Vandivier et al., 2016). Long non-coding RNAs 
(lncRNAs) have also been reported to form functional structures. In mice, for example, a 
short repeat RNA derived from the lncRNA Xist folds into two stem-loop structures, 
which recruit the polycomb remodelling complex resulting in X-chromosome 
inactivation (Zhao et al., 2008). Another example is the lncRNA HOTAIR, which folds 
into secondary structures that serve as scaffold for distinct histone modification 
complexes (Tsai et al., 2010). In recent years, RNA secondary structure has also been 
shown to play a role in sRNA regulation, where it is not only important for sRNA 
biogenesis but also for target site accessibility. For example, Wan and colleagues (2014) 
found that regions across miRNA binding sites in the human transcriptome are generally 
less structured and therefore more accessible for miRNA regulation. Similarly, decreased 
base-pairing was observed in miRNA binding sites of C. elegans and A. thaliana target 
mRNAs (Li et al., 2012a; Li et al., 2012b) enabling more efficient miRNA-target mRNA 
interactions. The findings presented in this Chapter add to the growing body of evidence 
that RNA secondary structure is crucial for strong miRNA regulation.  
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5.4.2 Possible functions of the MYB33 stem-loop structures 
There are many possibilities for how the MYB33 stem-loop structures might facilitate 
miRNA regulation. One of them is that the folding of regions close to the miRNA binding 
site helps to keep the binding site itself accessible to the miRNA, which is consistent with 
the findings in Li et al. (2012a) that the regions flanking the miRNA binding sites in 
Arabidopsis are more structured than the binding sites themselves. Another possibility is 
that the structures interact with other factors such as RNA-binding proteins (RBPs). In an 
example from humans, the RBP Pumilio 1 (PUM1) was shown to bind to the p27 mRNA, 
which introduces a local change in p27 RNA structure and thereby enables efficient 
binding of miR-221 and miR-222 leading to p27 silencing (Kedde et al, 2010). 
Interestingly, the region that PUM1 binds to is predicted to be located in the stem of a 
stem-loop structure, which has similarity to the MYB33 stem-loop structures (Figure 
5.12). This raises the possibility that the MYB33 structures may also contain a binding 
motif for an RBP, which facilitates miR159 regulation.  
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Figure 5.12: Possible function of the MYB33 stem-loop structures.  
Human PUM1 interacts with a region of the p27 mRNA that is predicted to be located in 
the stem of a stem-loop structure with the miR-221 binding site located on the opposite 
side of the stem. Binding of PUM1 induces a structural change within the p27 mRNA 
thereby facilitating miR-221 regulation. The MYB33 stem-loop structures might serve a 
similar purpose where they may provide a binding platform for an RBP.    
 
 
Another possibility is that the MYB33 stem-loop structures have a riboswitch-like 
function. Riboswitches are regulatory RNA elements that can bind to specific metabolites 
(ligands) and cause a change in expression of the transcript within which they are 
encoded. They contain two domains, an aptamer and an expression platform. The aptamer 
interacts with the ligand, which leads to a conformational change in the expression 
domain and thus to altered gene expression (Breaker, 2010). Riboswitches can respond 
to a variety of ligands such as amino acids, nucleotides, coenzymes and metal ions, and 
most commonly regulate mechanisms like transcription, translation, splicing and mRNA 
decay (Henkin, 2008; Breaker, 2010; Wan et al., 2011). They have first been identified 
in bacteria but have since been found in several other organisms including bacteria, fungi, 
p27 mRNA MYB33 mRNA 
RBP ? 
Kedde et al., 2010 
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plants and algae, while there are no known riboswitches in mammals to date (Mandal et 
al., 2003; Croft et al., 2007; Sudarsan et al., 2003). 
Our group has shown that MYB33 is differentially silenced in seeds and the rosette. 
Although miR159 and MYB33 are co-transcribed in both of these tissues, MYB33 is 
strongly silenced in the rosette, while MYB33 protein is present in the seeds (Alonso-
Peral et al., 2012). This suggests that development-dependent or tissue specific factors 
are modulating silencing efficacy resulting in different regulatory outcomes. These 
factors might be a metabolite that is present in one but not the other tissue and interacts 
with the stem-loop structures. This interaction could then lead to a structural switch, 
which causes a change in miR159 binding site accessibility and thus in MYB33 regulation. 
Another possibility is that an RBP is differentially expressed in the seed and rosette, 
which modulates miRNA activity in a manner as described above.  
 
5.4.3 MiRNA target recognition is still poorly understood 
The finding that the MYB33 stem-loop structures are required for strong miR159 
regulation led to the hypothesis that these structures could potentially be used as a 
biotechnological tool to enable strong miRNA regulation of other genes of interest. 
However, the introduction of the stem-loop structures into the poorly regulated genes 
MYB81 and MYB101 did not result in an improvement of miR159 silencing as assessed 
by phenotypic analysis.  
This could be due to multiple reasons. Firstly, although the structures were designed to 
have a similar free energy to the structures in MYB33 and were predicted with high base-
pair probability, it cannot be ruled out that the structures did not fold properly, 
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highlighting the limitations of computational predictions. DMS sequencing (Kwok et al., 
2013) could be used to verify the existence of the stem-loop structures in the MYB81 and 
MYB101 transcripts in vivo, but due to time constraints it was not possible to perform this 
experiment.   
Secondly, the stem-loop structures alone might not be sufficient to facilitate strong 
regulation but work in combination with other factors such as RBPs. Furthermore, when 
comparing the free energy of the interaction between miR159 and the binding sites of 
different MYB genes, MYB33 has a higher free energy when bound to miR159 than 
MYB81 and MYB101 (Table 5.1).  
 
miR159a 3-’AUCUCGAGGGAAGUUAGGUUU-5’ ∆G (%) 
MYB33 5’-UGGAGCUCCCUUCAUUCCAAU-3’ 93% 
MYB81 5’-UCGAGUUCCCUUCAUUCCAAU-3’ 80% 
MYB101 5’-UAGAGCUUCCUUCAAACCAAA-3’ 80% 
 
Table 5.1: Sequence alignment between miR159a and the miR159 binding site in 
MYB33, MYB81 and MYB101.  
Mismatches are marked in bold and the miR159 cleavage site is underlined. The 
percentage of free energy (ΔG) for each target paired to miR159a compared to a perfect 
match is listed on the right. ΔG values were calculated using the DINAmelt Web Server 
(http://mfold.rna.albany.edu/?q=DINAMelt/Two-state-melting). 
 
Preliminary data from our group shows that mutating the miR159 binding site in MYB81 
and MYB101 to increase the free energy when bound to miR159 results in more efficient 
regulation (Zihui Zheng, unpublished). Therefore, it might be possible that both a strong 
free energy of the binding site and miR159, and the stem-loop structures are required for 
strong silencing. It is also possible that a certain sequence motif within the stem-loop 
structures is necessary, which might not be present in MYB81/MYB101 SL1+2 as the 
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sequence is different to MYB33. Another possibility is that the miR159 binding sites 
within MYB81/101 SL1+2 are less accessible than in MYB33, as they are predicted to be 
residing in stronger RNA secondary structures compared to MYB33 (Figure 5.8 and 5.9). 
Together, this highlights that target recognition is a complex process involving multiple 
factors, which are still not fully understood. Sequence complementarity seems to be a 
prerequisite for miRNA recognition in many cases, but cannot guarantee strong regulation 
as demonstrated in this Chapter and in Chapter Three. In plants, the importance of factors 
beyond complementarity, including target site structure, is only starting to emerge and 
we are still lacking a detailed understanding of their functions.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
131 
 
 
 
 
 
 
 
CHAPTER 6 
Elucidation of the Arabidopsis RNA-binding proteome in 
planta 
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6.1 Abstract 
RNA-binding proteins (RBPs) control the fate and expression of a transcriptome. Despite 
this fundamental importance, our understanding of plant RBPs is rudimentary, being 
mainly derived via bioinformatic extrapolation from other kingdoms. In this Chapter, the 
methodology of ‘mRNA-protein interactome capture’ was adapted to investigate the 
RNA-binding proteome in planta. From Arabidopsis thaliana (At) etiolated seedlings, 
more than 700 proteins were captured, including 300 with high confidence that we have 
defined as the At-RBP set. Approximately 75% of these At-RBPs are bioinformatically 
linked to RNA biology, containing a diversity of canonical RNA-binding domains 
(RBDs). As no prior experimental RNA-binding evidence exists for the majority of these 
proteins, their capture now authenticates them as RBPs. Moreover, protein families 
harbouring emerging and potentially novel RBDs were identified, including WHIRLY, 
LIM, ALBA, DUF1296 and YTH domain-containing proteins, the latter being 
homologous to animal RNA methylation readers. Other At-RBP set proteins include 
major signalling proteins, cytoskeleton-associated proteins, membrane transporters and 
enzymes, suggesting the potential scope and function of RNA-protein interactions within 
a plant cell is much broader than previously appreciated. Therefore, this foundation 
dataset has provided an unbiased insight into the RNA-binding proteome of plants, on 
which future investigations into plant RBPs can be based.
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6.2 Introduction 
The diverse and dynamic interactions with RNA-binding proteins (RBPs) govern the life 
of cellular RNA, including its processing, modification, cellular localisation, translation 
and decay (Singh et al., 2015). Even though such post-transcriptional gene regulation 
events are ubiquitous across all kingdoms of life, relatively little is known about RNA-
protein interactions in plants and how these events impact the fate and expression of the 
transcriptome. Instead, much of the research on post-transcriptional gene regulation in 
plants has focused on the role of small RNAs (sRNAs), which has been driven by the 
development of next-generation sequencing methodologies, enabling the relative ease of 
identification of sRNAs and their targets (Ma et al., 2015). By comparison, the cohort of 
RBPs of a plant cell has yet to be experimentally determined.  
Knowledge on RBPs in plants comes mainly from targeted studies on individual proteins 
or from bioinformatic predictions based on sequence homology with canonical RNA-
binding domains (RBDs) identified in other kingdoms (Silverman et al., 2013). For 
instance, there are hundreds of Arabidopsis genes that encode proteins exhibiting one or 
more canonical RBD, such as RNA recognition motif domains (RRM; 197 proteins), K 
homology domains (KH; 28 proteins), cold shock domains (CSD; five proteins), DEAD-
box helicase domains (nine proteins), Pumilio RNA-binding repeats (PUF; 26 proteins), 
Like-Sm domains (LSM; 36 proteins), Zinc finger CCCH-type (C-x8-C-x5-C-x3-H; 5 
proteins) and pentatricopeptide repeat proteins (PPR; approximately 450 proteins) 
(Silverman et al., 2013). However, to date, only a few of these proteins have been 
functionally characterized. Examples include the RRM-containing GLYCINE-RICH 
RNA-BINDING PROTEINS (GR-RBPs) that have been implicated in mediating 
responses to various stresses such as cold, salinity and drought (Kim JY et al., 2007; Kim 
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YO et al., 2007; Kwak et al., 2005; Lorković et al., 2009) and in regulating circadian 
rhythm (Nolte and Staiger, 2015). Similarly, CSD proteins and RNA helicases (RH) have 
been shown to be involved in abiotic stress responses (Jung et al., 2013). Proteins with 
known RBDs also play important roles in plant developmental processes such as 
flowering time (Macknight et al., 1997; Schomburg et al., 2001), floral morphogenesis 
(Lorkovic, 2009; Jung et al., 2013), embryogenesis (Tripurani et al., 2011), as well as 
ovule development and cell size homeostasis (Bush et al., 2015). Nevertheless, for the 
vast majority of bioinformatically predicted plant RBPs there is no experimental evidence 
for their RNA-binding activity or their molecular function. Additionally, what non-
canonical RBDs exist in plants remains to be determined, as there has been no global, 
unbiased experimental approach taken to determine the cohort of plant RBPs (Silverman 
et al., 2013).  
Recently, a methodology termed “mRNA interactome capture” was developed that can 
identify the portion of cellular proteomes that is bound to polyadenylated RNA (Castello 
et al., 2012; Baltz et al., 2012). The method uses irradiation of live cells with short-wave 
UV light (254 nm), which, unlike formaldehyde, is known to selectively cross-link 
proteins in direct contact to RNA (Greenberg, 1979; Dreyfuss et al., 1983; Wagenmakers 
et al., 1980). Following cell lysis, cross-linked mRNA-protein complexes are isolated 
using oligo(dT) beads under stringent conditions, prior to RNase treatment and protein 
identification by mass spectrometry (MS). mRNA interactome capture has been 
performed on a range of mammalian cell lines (Castello et al., 2012; Baltz et al., 2012; 
Beckmann et al., 2015; Kwon et al., 2013; Liao et al., 2016), C. elegans (Matia-Gonzalez 
et al., 2015), Drosophila melanogaster (Wessels et al., 2016) and Saccharomyces 
cerevisiae (Beckmann et al., 2015; Mitchell et al., 2013; Matia-Gonzalez et al., 2015). 
These studies have revealed unexpectedly high numbers of diverse RBPs in eukaryotic 
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cells, indicating that many unforeseen RNA-based regulatory mechanisms have yet to be 
elucidated. Currently, such an approach has not been reported for plants. 
Here, I present the successful adaption of mRNA interactome capture to a living intact 
plant. Using Arabidopsis etiolated seedlings, 300 Arabidopsis proteins were identified as 
RNA-binding, and another set of over 400 proteins is presented as candidate RBPs, 
underscoring the prevalence of RNA-binding and RBD diversity within the plant 
proteome. Corroborating our approach, many known RBPs were isolated, along with a 
multitude of bioinformatically predicted RBPs, providing the first direct experimental 
evidence of their in vivo RNA-binding activity. Moreover, potential novel plant RBDs 
and a diverse set of proteins not previously associated with RNA biology were identified, 
including proteins involved in signalling pathways, cytoskeleton organization and 
membrane transport. This study therefore reports a novel method of broad utility in plant 
research, as well as providing the first experimental census of the Arabidopsis RNA-
binding proteome as a unique resource for future research into RBP function in plants. 
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6.3 Results and discussion 
 
6.3.1 Development of an mRNA interactome capture protocol for Arabidopsis 
seedlings 
Four-day old etiolated seedlings were chosen as source material for mRNA interactome 
capture (Figure 6.1A). To adapt the original protocol (Castello et al., 2012) for use in 
plants, the dosage of 254 nm UV light was increased to three cycles of irradiation at 150 
mJ/cm2 (Au et al., 2014), to establish crosslinks (CL) between proteins and RNA. This 
did not appreciably increase RNA degradation compared to lower UV dosages or a non-
crosslinked (noCL) control sample (Figure 6.1B). Snap-frozen seedlings were ground in 
liquid nitrogen and thawed into lysis buffer that was adapted for use in plants by 
supplementing with β-mercaptoethanol and polyvinylpyrrolidone 40 (PVP40), which 
increased the efficiency of RNA isolation (Figure 6.1C). Lysates were further passed 
through a shredding column to clear the lysate and two rounds of capture on oligo(dT) 
beads were performed to maximize RNA recovery (Figure 6.1D). Finally, proteins were 
released from the beads and treated with RNase. Analysis of aliquots taken before and 
after the oligo(dT) capture (referred to as input and eluate, respectively) by SDS-PAGE 
and silver staining showed purification of a distinct set of proteins in the CL eluate but 
not the noCL control sample (Figure 6.1E). Western blot analysis confirmed that this set 
of proteins contained known RBPs such as ARGONAUTE 1 (AGO1) and the chloroplast 
RBP CP29A, whereas the non-RBP inositol phosphatase FIERY1 (FRY1)/SAL1 protein 
(Robles et al., 2010) was absent (Figure 6.1F). Together, this demonstrated that the 
modified mRNA interactome capture protocol could efficiently and selectively purify 
plant RBPs. 
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Figure 6.1: mRNA interactome capture in Arabidopsis. 
(A) Overview of the mRNA interactome capture procedure in Arabidopsis. (B) RNA 
extracted from four-day-old etiolated seedlings was cross-linked (CL) with UV light 
either once, twice or three times at 150 mJ/cm
2
. Non-cross-linked (noCL) seedlings were 
used as control. RNA integrity was analysed on a Bioanalyzer 2100 using an RNA pico 
chip, and is depicted as the gel representation of in-chip electrophoresis. (C) Lysates were 
prepared from noCL four-day-old etiolated seedlings using a lysis buffer with or without 
polyvinylpyrrolidone 40 (PVP40) and -mercaptoethanol (-ME). RNA captured on 
oligo(dT) beads was extracted and used for qRT-PCR. Measurements are the average of 
three technical replicates and are shown as fold change in RNA recovery upon addition 
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of PVP40 and -ME to lysis buffer. (D) Two rounds of oligo(dT) capture were performed 
using a lysate from noCL four-day-old etiolated seedlings. Aliquots of the lysate were 
taken after the first and second round of oligo(dT) capture, respectively, followed by RNA 
extraction and qRT-PCR analysis. Measurements are the average of three technical 
replicates with error bars representing the SD. Measurements are shown relative to the 
input. (E-F) RNA-protein complexes from CL and noCL samples isolated by oligo(dT) 
capture were treated with RNases, separated by SDS-PAGE and analysed by silver 
staining (E) and western blot (F) alongside input samples. Results are representative of 
three independent interactome capture experiments. 
 
 
6.3.2 Identification of an Arabidopsis RNA-binding proteome 
Three independent biological replicates for both CL and noCL eluate samples were 
prepared using the SP3 (Single-Pot Solid-Phase-enhanced Sample Preparation) method 
(Hughes et al., 2014) for analysis by quantitative MS. Scatter plots comparing CL/noCL 
fold changes between biological replicates showed reproducibility (Figure 6.2A). 
Together, this identified 746 proteins in the eluates and for 333 of these, a CL/noCL ratio 
was determined in at least two out of three replicates. Nine proteins were enriched in the 
noCL sample and were not considered for further analysis, while 324 proteins were 
enriched in the CL sample. Of the latter, 300 proteins were enriched at a false discovery 
rate (FDR) < 1% and were defined as the Arabidopsis RBP set (At-RBPs) (Figure 6.2B), 
a designation to indicate the most confident set of potential RBPs. The 24 proteins 
enriched at a higher FDR and those 413 proteins without a CL/noCL ratio (i.e. ’non-
quantified’), were defined as candidate At-RBPs (Figure 6.2B). Although candidate At-
RBPs did not pass these stringent statistical criteria, their features are nevertheless 
examined below as they likely contain additional RBPs that warrant further investigation. 
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MS was also performed on two independent input samples, which identified 8264 
proteins (termed input proteome). 
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Figure 6.2: Mass spectrometry and bioinformatic analysis  
(A) Scatter plots comparing the protein enrichment in CL over noCL based on LC-
MS/MS intensities of two biological replicates. Proteins significantly enriched (FDR < 
1%) in CL or noCL are depicted in red. Proteins that lack enrichment are depicted in 
black. (B) Overview of the mass spectrometry data and classification of At-RBPs and 
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candidate At-RBPs. (C-D) Annotations of At-RBPs and candidate At-RBPs compared to 
the input proteome according to functional characteristics (RNA biology) (C) and RNA-
binding domains (RBDs) (D). (E) The most significantly over- and under- represented 
Gene Ontology (GO) terms for molecular function in At-RBPs (left) and candidate At-
RBPs (right), compared to the input proteome. 
 
 
6.3.3 Interactome capture enriches for proteins related to RNA biology  
Compared to the input proteome, both At-RBPs and candidate At-RPBs were enriched 
for RNA-related Gene Ontology (GO) terms and canonical RBDs (Figure 6.2C, D). Based 
on GO annotations, 75% of At-RBPs had prior experimentally determined or predicted 
links to RNA biology. The remaining 25% had no known or predicted function in RNA 
biology and therefore represent novel RBPs in Arabidopsis. Similarly, about 80% of the 
At-RBPs contained known RBDs (based on pfam and Interpro annotations and previous 
mRNA interactome datasets (Castello et al., 2012; Beckmann et al., 2015; Liao et al., 
2016)), while the other 20% did not (Figure 6.2C, D). The candidate At-RBPs grouping 
also showed these enrichments albeit at a lower level; 46% of them were classified as 
‘linked to RNA biology’ and 48% of proteins had recognized RBDs (Figure 6.2C, D). 
Multiple molecular function GO terms were enriched among At-RBPs and candidate At-
RBPs, the majority of which were associated with RNA, nucleic acid binding or 
translation (Figure 6.2 E). Similarly, Biological Process (Figure 6.3 A, C) and Cellular 
Component (Figure 6.3 B, D) GO terms referred to a range of processes and components 
typically associated with RNA, such as translation and the ribosome, as well as splicing 
and several types of RNA granules. 
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Figure 6.3: GO enrichment analysis of At-RBPs and candidate At-RBPs. 
(A-B) The most significantly over- and under- represented Gene Ontology (GO) terms 
for biological process in At-RBPs (A) and candidate At-RBPs (B). (C-D) The most 
significantly over- and underrepresented GO terms for cellular compartment in At-RBPs 
(C) and candidate At-RBPs (D). 
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Approximately 25% of At-RBPs lack known functions in RNA biology, a proportion 
similar to other interactomes (Beckmann et al., 2015). However, the number of 300 
proteins that qualify as At-RBPs is less than what had been observed in the two other 
interactomes on multicellular organisms, i.e. C. elegans (594 proteins) and D. 
melanogaster (476 proteins) (Matia-Gonzalez et al., 2015; Wessels et al., 2016). This 
may suggest the presence of fewer RBP networks in plants compared to animals, but a 
lower UV cross-linking efficiency for plants due to their abundant UV-absorbing 
pigments is a more likely explanation, although this was tried to be reduced by using 
etiolated seedlings. 
Next, the conservation of RBPs across the major eukaryotic kingdoms was investigated. 
Two-hundred proteins of the At-RBP set were predicted to have orthologs in human, 
mouse and/or yeast (Figure 6.4A) as determined by the InParanoid database 
(Sonnhammer and Östlund, 2015). Of these, 64 proteins were only found in the At-RBP 
set (discussed in more detail below), while 136 proteins have been detected as RBPs in 
other mRNA interactomes including several without prior association to RNA-binding 
(Figure 6.4A). Such strong overlap strengthens the confidence that most of the At-RBPs 
are bona fide RBPs. Finally, 52 At-RBPs were present in interactomes of all three 
kingdoms (Figure 6.4B). This group mainly comprises proteins involved in mRNA 
translation, splicing and helicase activity (Table 6.1), all of which are core eukaryotic 
RNA functions.  
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Figure 6.4.: Conservation of RBPs across kingdoms.  
(A) Categorization of At-RBPs based on conservation between Arabidopsis, yeast, 
mouse, and human. (B) Overlap of At-RBPs with proteins identified in mRNA 
interactomes of yeast (Beckmann et al., 2015), mouse (mESC (Kwon et al., 2013), HL-1 
(Liao et al., 2016)) and human (HEK293 (Baltz et al., 2012), HuH7 (Beckmann et al., 
2015)). 
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Gene ID Protein name 
AT1G59359 40S ribosomal protein S2 
AT4G34670 40S ribosomal protein S3a-2 
AT4G31700 40S ribosomal protein S6-1 
AT5G20290 40S ribosomal protein S8-1 
AT5G15200 40S ribosomal protein S9-1 
AT3G48930 40S ribosomal protein S11-1 
AT3G11510 40S ribosomal protein S14-2 
AT5G18380 40S ribosomal protein S16-3 
AT5G04800 40S ribosomal protein S17 
AT1G22780 40S ribosomal protein S18 
AT5G62300 40S ribosomal protein S20-1 
AT3G04920 40S ribosomal protein S24-1 
AT2G40590 40S ribosomal protein S26-1 
AT2G45710 40S ribosomal protein S27 
AT3G62250 Ubiquitin-40S ribosomal protein S27a-3 
AT5G64140 40S ribosomal protein S28-2 
AT1G72370 40S ribosomal protein SA 
AT1G43170 60S ribosomal protein L3-1 
AT3G09630 60S ribosomal protein L4-1 
AT1G74060 60S ribosomal protein L6 
AT3G13580 60S ribosomal protein L7-4 
AT2G18020 60S ribosomal protein L8-1 
AT1G14320 60S ribosomal protein L10 
AT3G58700 60S ribosomal protein L11 
AT3G49010 60S ribosomal protein L13 
AT3G24830 60S ribosomal protein L13a-2 
AT4G17390 60S ribosomal protein L15 
AT5G27850 60S ribosomal protein L18 
AT2G34480 60S ribosomal protein L18a-2 
AT3G05560 60S ribosomal protein L22-2 
AT3G53020 60S ribosomal protein L24 
AT3G49910 60S ribosomal protein L26-1 
AT4G11420 Eukaryotic translation initiation factor 3 subunit A 
AT3G56150 Eukaryotic translation initiation factor 3 subunit C 
AT3G11400 Eukaryotic translation initiation factor 3 subunit G 
AT1G54270 Eukaryotic initiation factor 4A-2 
AT1G07930 Elongation factor 1-alpha 
AT2G40290 eIF2alpha homolog 
AT1G56070 LOW EXPRESSION OF OSMOTICALLY RESPONSIVE GENES 1 
AT5G51120 POLYADENYLATE-BINDING PROTEIN 1 
AT4G38780 Pre-mRNA-processing-splicing factor 
AT3G26560 Probable pre-mRNA-splicing factor ATP-dependent RNA helicase 
AT3G19760 DEAD-box ATP-dependent RNA helicase 2 (EIF4A-III) 
AT3G58510 DEAD-box ATP-dependent RNA helicase 11 
AT5G63120 DEAD-box ATP-dependent RNA helicase 30 
AT5G47010 Regulator of nonsense transcripts 1 homolog UPF1 
AT5G40490 RNA-binding (RRM/RBD/RNP motifs) family protein 
AT1G48920 NUCLEOLIN 1 
AT5G61140 predicted protein with 30% identity with MER3/RCK 
AT2G42680 Multiprotein-bridging factor 1A 
AT5G56030 Heat shock protein 90.2 
AT3G14010 CTC-INTERACTING DOMAIN 4 
 
Table 6.1: At-RBPs present in mRNA interactomes of human, mouse and yeast. 
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6.3.4 Biophysical properties of captured proteins are characteristic of RBPs  
Next, the biophysical and amino acid sequence features of captured proteins were 
examined (Figure 6.5). The properties of the input proteome were used as a reference 
for diverse proteins, whereas input proteins with the GO annotation ‘RNA-binding’ 
were a reference for expected properties of known/predicted RBPs. These two groups 
were compared to the properties of At-RBPs, At-RBPs with unknown RBDs and 
candidate At-RBPs. All five groupings spanned the full range of protein sizes, with 
some tendency towards larger proteins among the At-RBPs with unknown RBDs 
(Figure 6.5A). Proteins within the RBP groupings range from high to low abundance 
with bias towards higher abundance for At-RBPs and At-RBPs with unknown RBDs 
compared to the input proteome and proteins with the GO annotation RNA-binding 
(Figure 6.4B). This tendency was also observed in previous studies (Castello et al., 
2012; Liao et al., 2016) and is not surprising as At-RBPs are selected based on their 
CL/noCL enrichment ratios and their associated statistical significance levels (FDR 
values), the latter of which are dependent on sample sizes (i.e. protein abundances).  
Compared to the input proteome, all four groups showed significantly increased 
proportions of residues in intrinsically disordered regions (Figure 6.5C), which have been 
linked to protein-protein, protein-DNA and protein-RNA interactions (Wright and Dyson, 
2015; Calabretta and Richard, 2015). Furthermore, all four RBP sets exhibited significant 
shifts towards a more alkaline isoelectric point and a lower hydrophobicity compared to 
the input proteome (Figure 6.5 D, E).  
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Figure 6.5: Biophysical and sequence features of captured protein sets. 
(A-E) Density of protein length (A), log10 iBAQ values (as measure of protein 
abundance) (B), proportion of amino acid residues in disordered regions (C), isoelectric 
point (pI) (D) and hydrophobicity (HI) (E) were analysed for At-RBPs (green), proteins 
from the input proteome annotated as ‘RNA-binding’ (light purple), At-RBPs with 
unknown RBD (light orange), candidate At-RBPs (blue), and input proteome (red). The 
significance of differences between RBP subsets in panels A and C-E was tested by the 
Kolmogorov-Smirnov test. This showed that protein size distribution (A) does not differ 
between all five groups. Compared to input proteome, all four subsets are significantly 
different in disordered region (C), isoelectric point (D), and hydrophobicity (E) (p < 
0.001). Significance of differences in panel (B) was tested by a 2-sided t-test and found 
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that all RBP subsets, except for GO RNA-binding, are significantly different from the 
input proteome. (F) Log2 enrichment of amino acid groups in At-RBPs (green), proteins 
from the input proteome annotated as ‘RNA-binding’ (light purple), At-RBPs with 
unknown RBD (light orange) and candidate At-RBPs (blue) compared to the input 
proteome. The significance of enrichment/depletion was tested by two-sample test for 
population proportion. Amino acid groups that are significantly (p < 0.001) enriched/ 
depleted compared to the input proteome are marked with asterisks. Number of proteins 
in each RBP set: input proteome N=8246, GO RNA-binding (input proteome) N= 339, 
At-RBPs N=300, candidate At-RBPs N= 437, At-RBPs (unknown RBD) N= 61. 
 
 
 
 
This is also reflected in their amino acid composition. Hydrophobic and aromatic amino 
acids such as leucine (L), isoleucine (I), and valine (V), as well as amino acids with 
aliphatic side chains such as tryptophan (W) and phenylalanine (F), which have all been 
shown to have low propensity to bind RNA (Jeong et al., 2003; Lejeune et al., 2005), 
were depleted relative to the input proteome (Figure 6.5F and Figure 6.6B). Cysteine (C) 
also showed strong depletion, which is consistent with its low propensity to bind RNA 
(Lejeune et al., 2005) and its depletion in intrinsically disordered regions (Theillet et al., 
2013; Williams et al., 2001). By contrast, proline (P) is enriched in all four RBP sets, in 
agreement with its strong enrichment in disordered regions (Theillet et al., 2013; Williams 
et al., 2001). Furthermore, positive and polar amino acids such as arginine (R), glutamine 
(Q), asparagine (N) and histidine (H), which have a high propensity to bind RNA, were 
enriched among all RBP sets (Figure 6.5F and Figure 6.6A). The smallest amino acid 
glycine (G), which can form strong interaction with the nucleotide guanine (Lejeune et 
al., 2005), also showed strong positive enrichment (Figure 6.6A). Overall, the At-RBPs 
showed the strongest biases in these features. At-RBPs without known RBDs and 
candidate At-RBPs also followed these trends albeit to a lesser extent. Taken together, 
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these findings mirror those reported for other mRNA interactomes (Castello et al., 2012; 
Liao et al., 2016), and indicate that mRNA interactome capture strongly enriched for bona 
fide plant RBPs. 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.6: Analysis of amino acid enrichment/depletion in the Arabidopsis mRNA 
interactome. 
Log2 enrichment (A) and depletion (B) of amino acids of At-RBPs (green), proteins from 
the input proteome annotated as ‘RNA-binding’ (light purple), At-RBPs with unknown 
RBD (light orange) and candidate At-RBPs (blue) compared to the input proteome. 
Amino acids that are significantly (p < 0.001) enriched/ depleted compared to the input 
proteome are marked with asterisks.  
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6.3.5 Interactome capture identifies a diverse set of proteins with a range of 
recognized RBDs 
Next, At-RBPs were grouped based on their annotated protein domains (Figure 6.7A, B). 
mRNA interactome capture identified a broad array of proteins with known RBDs, 
covering more than 30 different known types. Of these, proteins containing RRM 
domains constituted the largest class (80 in the At-RBP set and 50 within candidate At-
RBPs) and thus we captured the majority of the 197 bioinformatically predicted RRM 
domain proteins in Arabidopsis (Silverman et al., 2013). Similarly, of the 28 predicted 
KH domain proteins (Silverman et al., 2013), 19 have been detected in the At-RBPs 
(seven proteins) and candidate At-RBPs (12 proteins) (Figure 6.7A), indicating that the 
majority of RRM and KH domain proteins are expressed and bound to poly(A) RNA in 
the seedling. Proteins harbouring diverse canonical RBDs such as the Nuclear Transport 
Factor 2 (NTF2), Like-Sm (LSM), Pumilio (PUF) and La domains, were all readily 
captured (Figure 6.7A).  
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Figure 6.7: Recognized and unknown RBDs identified by mRNA interactome 
capture. 
Number of proteins harbouring domains associated with RNA-binding (A) and not 
associated with RNA-binding (B) in At-RBPs (green), candidate At-RBPs (blue), or only 
identified in the input proteome (white).  
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Additionally, multiple zinc-finger proteins were identified as RNA-binding (Figure 
6.7A), including those sub-types known to interact with RNA, such as zf-CCCH, zf-
CCHC and zf-C2H2 (Ciftci-Yilmaz and Mittler, 2008), as well as others such as zf-
RanBP, which has been shown to interact with RNA in humans (Nguyen et al., 2011; 
Vandevenne et al., 2014), but not in plants. Within these zinc-finger protein classes, ten 
proteins not previously associated with RNA-binding have been identified (Table 6.2), 
expanding our knowledge on zinc-finger containing RBPs. 
 
Gene ID Protein name 
Protein 
domain 
FDR 
AT3G06410 Zinc finger CCCH domain-containing protein 34 zf-CCCH 4.36E-15 
AT5G18550 Zinc finger CCCH domain-containing protein 58 zf-CCCH 6.85E-15 
AT2G47850 Zinc finger CCCH domain-containing protein 32 zf-CCCH 7.18E-11 
AT3G15680 Ran BP2/NZF zinc finger-like superfamily protein zf-RanBP 2.53E-08 
AT1G67325 RanBP2-type zinc finger protein zf-RanBP 9.1E-08 
AT5G63260 Zinc finger CCCH domain-containing protein 67 zf-CCCH 9.84E-07 
AT3G62240 RING/U-box superfamily protein 
zf-C2H2,  
zf-RING 
2.98E-06 
AT1G10170 NF-X1-type zinc finger protein NFXL1 zf-NF-X1 1.81E-05 
AT2G02160 Zinc finger CCCH domain-containing protein 17 zf-CCCH 2.9E-05 
AT1G75560 zinc knuckle (CCHC-type) family protein zf-CCHC 1.66E-03 
 
Table 6.2: Zinc-finger proteins not associated with RNA-binding identified by 
mRNA interactome capture. 
List of zinc-finger proteins within At-RBPs not previously known to bind RNA including 
their annotated protein domains and FDRs indicating enrichment in CL compared to 
noCL in mRNA interactome capture. 
 
 
Other canonical RBPs detected include ARGONAUTE (AGO) proteins that contain PAZ 
and PIWI domains (Figure 6.7A). Both AGO1 and AGO2 were detected in the At-RBP 
set and AGO4 in the candidate At-RBP set. This is the first report of successful UV cross-
linking of AGO proteins to mRNA in plants, and provides the basis for future 
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determination of sRNA targets via methods such as immunoprecipitation followed by 
high-throughput sequencing (HITS-CLIP), a long established method in animal cell yet 
to be applied in plants (Chi et al., 2009). Lastly, many canonical RBP families that are 
involved in responses to various abiotic stresses were captured including GR-RBPs, cold 
shock domain (CSD) proteins, tudor-SN proteins and DEAD box RNA helicases (Kim 
JY et al., 2007; Kwak et al., 2005; Lorković et al., 2009; Jung et al., 2013; Frei dit Frey 
et al., 2010) (Figure 6.7A). 
 
6.3.6 Limited capture of mitochondrial and chloroplastic RBPs in etiolated seedlings  
Consistent with previous studies (Castello et al., 2012; Liao et al., 2016), multiple 
cytoplasmic ribosomal proteins (RPs) within the plant mRNA interactome were found 
(27 proteins of the large and 32 of the small ribosomal subunit). Several RPs are known 
to be in direct contact with mRNA (Pisarev et al., 2008) and a number of RPs also have 
extra-ribosomal functions in mRNA regulation (Warner and McIntosh, 2009). The 
capture of polyadenylated rRNA processing intermediates (Sikorski et al., 2015) is also 
likely to have contributed to the isolation of cytoplasmic RPs. By contrast, only one 
chloroplastic and one mitochondrial RP were captured despite a total of 46 mitochondrial 
and chloroplastic RPs being present in the input proteome. This stark contrast in the 
capture of cytoplasmic and mitochondrial/chloroplastic RPs is consistent with most 
mature, translatable transcripts in these organelles not harbouring a poly(A) tail (Chang 
and Tong, 2012). Likewise, only 18 PPR proteins were detected in the interactome (six 
in At-RBPs, 12 in candidate At-RBPs), out of the 60 PPR proteins identified in the input 
proteome (Figure 6.7A). Again, this poor ratio of interactome/input proteome of PPR 
proteins is possibly explained by their mitochondrial and chloroplastic location 
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(Colcombet et al., 2013). Although known chloroplast RBPs such as CP29A, CP31A and 
CP31B were strongly enriched by mRNA interactome capture, CP29A has also been 
shown to interact with nuclear mRNAs (Gosai et al., 2015), so it is not certain that this 
RBP is being captured from the organelle. With regards to the PPR proteins, there were 
only 60 in the input proteome, a fraction of the 450 predicted PPR proteins in Arabidopsis 
(Silverman et al., 2013). Again this strongly contrasts to other RBD classes (RRM; 160 
in the input proteome of the predicted 197; Silverman et al., 2013), and therefore the lack 
of PPRs in general may reflect that the etioplasts have yet to differentiate, hence the 
results may be considerably different in light-grown seedlings. 
 
6.3.7 Interactome capture provides experimental evidence of RNA-binding activity 
for many predicted plant RBPs 
Although approximately 80% of the At-RBP set are annotated to contain canonical RBDs 
and RNA-related GO terms, this is primarily based on in silico predictions and not yet on 
experimental evidence. For example, of the 25 members of the RNA-binding 
(RRM/RBD/RNP motifs) protein family that are present in the At-RBP set, only one has 
a demonstrated biological function and RNA-binding activity (Zhang et al., 2015). 
Another example is the family of CTC-interacting-domain (CID) proteins, which bind to 
the C-terminal domain of poly(A)-binding proteins (PABPs) via their poly(A)-binding 
protein interacting motif 2 (PAM2) (Bravo et al., 2005). CID proteins are categorized into 
four groups based on their other domains (Bravo et al., 2005). Until now, only CID12, 
which contains PAM2 and RRM domains, has been shown to interact with RNA in vitro 
(Hecht et al., 1997). Interactome capture has identified CID12 as well as CID1, 3, 4, 7, 8, 
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10 and 11 in the At-RBPs and candidate At-RBPs (Figure 6.8), providing evidence of 
their RNA-binding activity in vivo for the first time.  
Similarly, plant PUF proteins are largely only predicted to bind RNA. Of the 25 family 
members in Arabidopsis, only PUM2 and PUM5 have been experimentally demonstrated 
to bind RNA (Francischini and Quaggio, 2009; Huh et al., 2013; Huh et al., 2014). Here, 
it was found that PUM1-6, all of which belong to group I with the strongest homology to 
the Drosophila PUF domain (Francischini and Quaggio, 2009), bind to RNA in vivo 
(Figure 6.8). Most of the other PUF proteins were not present in the input proteome, 
suggesting that PUF1-6 are the major players of this family in early Arabidopsis growth 
and development.  
Other predicted RBPs include the Nuclear Transport Factor 2 (NTF2) protein family that 
contains an NTF2 domain, which is required for protein-protein interactions (Ribbeck et 
al., 1998; Fribourg et al., 2001), but has been shown to interact with RNA in humans 
(Katahira et al., 2015). In Arabidopsis, 18 proteins are predicted to contain NTF2 
domains; these proteins can be classified into two groups – group I proteins, which 
contain both NTF2 and RRM domains and group II proteins, which only have NTF2 
domains. Six out of eight group I proteins were identified in the At-RBP set and one 
among the candidate At-RBPs (Figure 6.8), thereby verifying their RNA-binding activity.  
 
 
 
 
 
 
 
156 
 
 
 
 
 
 
 
 
 
Figure 6.8: mRNA interactome capture provides experimental evidence of RNA-
binding for many predicted Arabidopsis RBPs. 
Members of predicted Arabidopsis RBP families identified as At-RBPs (green), candidate 
At-RBPs (blue), or only in input proteome (black). Proteins with prior experimental 
evidence of RNA-binding are underlined, proteins not detected in the input proteome are 
in italic. CID: CTC-interacting domain, PUM: Pumilio, NTF2: Nuclear Transport Factor 
2, LARP: La-related protein, UPF: Up-frameshift protein, GR-RBP: Glycine-rich RNA-
binding protein, PTB: polypyrimidine tract-binding protein, EJC: exon junction complex.  
 
 
Also captured were both Arabidopsis homologs of Barentsz [BTZ; also known as 
METASTATIC LYMPH NODE 51 (MLN51)] harbouring the Btz domain (Figure 6.7A), 
which is a known RBD in animals (Bono et al., 2006). Barentsz, eIF4A3, Y14 and Mago 
Nashi (MAGO) form the core of the exon-junction complex (EJC). The EJC is deposited 
on nascent mRNA at splice junctions and functions in subsequent mRNA utilization 
(Nyikó et al., 2013). In addition to the Barentsz homologs, we identified eIF4A3 and Y14 
in the At-RBP set and MAGO among the candidate At-RBPs (Figure 6.8). In humans, 
direct contact with RNA has been shown for BTZ and eIF4A3 by protein-RNA co-crystal 
CID                   Group I: CID1, CID2; Group II: CID3, CID4; Group III: CID5, CID6, CID7; Group  
                         IV: CID8, CID9, CID10, CID11, CID12, CID13   
PUM                Group I: PUM1,2,3,4,5,6; Group II-IV: PUM7-22; Other: PUM 23,25, PUM24 
NTF2                AT1G13730, AT1G69250, AT2G03640, AT3G07250, AT2G25150, AT5G43960,  
                         AT5G48650, AT5G60980 
MEI2-like        ML1, ML2, ML3, ML4, ML5  
Cold-shock     CSP1, CSP2, CSP3, CSP4 
Hyaluronan    AT4G16830, AT4G17520, AT5G47210 
LARP                LARP1A, ALRP1B, LARP1C, LARP6A, LARP6B, LARP6C 
UPF                  UPF1, UPF2, UPF3 
GR-RBP           GR-RBP1, GR-RBP2, GR-RBP3, GR-RBP4, GR-RBP5, GR-RBP6, GR-RBP7,  
                         GR-RBP8 
PTB                  PTB1, PTB2, PTB3 
EJC                   eIF4A3, Y14, Mago, Barentsz 
 
 
157 
 
structural analysis (Bono et al., 2006). Additionally, the EJC also serves as a mark for 
nonsense-mediated decay (NMD) (Kim et al., 2001). Other components of NMD include 
UP-FRAMESHIFT proteins (UPF1-3), all three of which have been identified in the At-
RBP set (Figure 6.8). While the role of plant UPF1 as activator of NMD is relatively well 
studied, UPF2 and UPF3 are less well characterized and the molecular mechanism of 
NMD in plants is still poorly understood (Dai et al., 2016). Further examples of protein 
families that are annotated as RBPs with little experimental evidence in plants include 
MEI2-like proteins, La-related proteins (LARP), BRUNO-LIKE proteins and others 
listed in Figure 6.8. Many members of these protein families were shown here as plant 
RBPs for the first time.  
 
6.3.7.1 YTH domain containing proteins 
Also strongly captured were YT521-B homology (YTH) domain containing proteins. 
There are thirteen YTH proteins in Arabidopsis (Li et al., 2014c), which show distinct 
developmental expression patterns and responses to stress, and include the eleven 
Evolutionary Conserved C-terminal domain (ECT) family proteins (Ok et al., 2005). Ten 
of the eleven ECT proteins were captured here, eight in the At-RBP set and two in the 
candidate At-RBPs (Figure 6.9). The mammalian YTH proteins YTHDF1-3 and 
YTHDC1 were recently shown to bind the epitranscripomic mark N6-methyladenosine 
(m6A), impacting mRNA splicing, export, translation or turnover (Schumann et al., 2016; 
Schwartz, 2016). YTH domains bind m6A in a cage of aromatic amino acids that is 
conserved among all Arabidopsis YTH domain proteins (Fray and Simpson, 2015). The 
fact that all these proteins only have the YTH domain in common (Figure 6.9), makes this 
domain a strong candidate for an RBD also in plants. 
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Figure 6.9: Arabidopsis YTH proteins identified by mRNA interactome capture. 
Arabidopsis YTH domain proteins identified as At-RBPs (green), candidate At-RBPs 
(blue), or only in input proteome (black), and schematic representation of annotated 
domains. Proteins not detected in input proteome are in italic. CPSF30 gives rise to two 
transcripts, a longer one containing a YTH domain and a shorter one without this domain.  
 
 
A further YTH domain protein in the At-RBP set is the Cleavage and Polyadenylation 
Specificity Factor 30 (AtCPSF30), which functions as part of a larger complex in mRNA 
3’ end formation (Hunt et al., 2012). Analyses with mutant Arabidopsis plants deficient 
in CPSF30 indicated roles in stress responses (Zhang et al., 2008), immunity and 
programmed cell death (Bruggeman et al., 2014), as well as demonstrating altered mRNA 
3’ end cleavage site choice in a large number of genes (Thomas et al., 2012). Interestingly, 
Arabidopsis expresses two CPSF30 protein variants from a single gene due to alternative 
mRNA 3’ end formation: a shorter form of approximately 28kD that harbours three zinc 
finger domains and is homologous to yeast and mammalian CPSF30, and a longer form 
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of approximately 70kD that adds a YTH domain and is unique to plants (Hunt et al., 2012; 
Delaney et al., 2006). These observations, together with evidence that m6A is enriched 
near 3’ends of Arabidopsis mRNAs (Luo et al., 2014; Wan et al., 2015; Bodi et al., 2012), 
led to recent speculation about a role of m6A in governing mRNA 3’ end formation in 
plants (Fray and Simpson, 2015; Chakrabarti and Hunt, 2015; Burgess et al., 2016).  
 
6.3.7.2 ALBA-domain containing proteins 
Another example is the Alba domain-containing protein family, where four Alba proteins 
were identified amongst the At-RBPs and the fifth among the candidate At-RBPs (Figure 
6.10), which accounts for all Alba proteins of Arabidopsis and provides experimental 
evidence that this family of proteins can bind to RNA in planta for the first time. 
Currently, nothing is known about the molecular or functional role of Alba proteins in 
plants. Alba proteins are widely distributed in archaea where they are a major component 
of chromatin and involved in transcriptional repression through binding to DNA, but are 
also know to interact with RNA (Bell et al., 2002; Jelinska et al, 2005; Forterre et al., 
1999; Guo et al., 2003). They are structurally similar to prokaryotic translation initiation 
factor 3 (Aravind et al., 2003) and have been reported to play a role in translational control 
in multiple eukaryotes (Mani et al., 2011; Gissot et al., 2013; Mair et al., 2010), so there 
is precedence for proteins containing this domain to bind RNA. Interestingly, the Alba 
gene family of the protozoan parasite Trypanosoma brucei share a similar structure to 
that in Arabidopsis, where there are members encoding small proteins that only contain 
the ALBA domain, and members encoding longer proteins with C-terminal region rich in 
RGG (arginine-glycine-glycine) boxes (Figure 6.10) (Subota et al., 2011). These motifs 
are known to promote RNA-binding (Thandapani et al., 2013), and are often found in 
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combination with other RBDs (Castello et al., 2012). Thus, they might function 
synergistically with the Alba domain to facilitate RNA-protein interactions.  
 
 
 
 
 
Figure 6.10: Arabidopsis Alba proteins identified by mRNA interactome capture. 
Arabidopsis Alba domain family members identified as At-RBPs (green) and candidate 
At-RBPs (blue), and schematic representation of annotated domains.  
 
 
6.3.8 Proteins with potential novel RNA-binding activity in plants  
About one sixth of the At-RBPs have neither recognized RBDs nor annotated roles in 
RNA biology. Many of these are plant specific, where they are only found in the At-RBPs 
but not in other mRNA interactomes, or have no identified orthologs in other kingdoms 
(Figure 6.4A).  
 
6.3.8.1 WHIRLY-domain proteins 
The latter group includes WHIRLY (WHY) domain-containing proteins, which form a 
small family of single stranded DNA-binding proteins localized to organelles where they 
maintain genome stability (Krause et al., 2005; Cappadocia et al., 2010; Marechal et al., 
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2009). In maize, the chloroplast-localized WHY1 has been shown to bind to both DNA 
and a subset of plastid RNAs in vitro (Prikryl et al., 2008). Here, all three Arabidopsis 
WHY proteins were identified as At-RBPs (Figure 6.11A) providing the first in vivo 
evidence that these proteins are a family of RBPs in Arabidopsis.  
 
6.3.8.2 DUF1296-domain proteins 
Another example is a group of largely uncharacterized proteins with the Domain of 
Unknown Function 1296 (DUF1296). The Arabidopsis genome encodes eight proteins 
containing DUF1296 domains; seven kinase-related proteins of unknown function and a 
G-BOX TRANSCRIPTION FACTOR-INTERACTING PROTEIN1 (GIP1), which is 
involved in regulating the activity of transcription factors involved in plant development 
(Lee et al., 2014; Shaikhali, 2015). Three kinase-related proteins were identified among 
the At-RBPs, and GIP1 as well as another kinase-related protein in the candidate At-RBPs 
(Figure 6.11B). The only domain that is common to these proteins is an N-terminal 
DUF1296 domain, suggesting that this domain might be a novel RBD in plants. 
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Figure 6.11: Novel families of Arabidopsis RBPs. 
(A-C) Novel families of Arabidopsis RBPs and schematic representation of annotated 
domains. (A) Whirly proteins; (B) DUF1296 proteins (asterisks indicate DUF1296 
domains); (C), LIM proteins. Green: proteins identified in At-RBPs, blue: proteins 
identified in candidate At-RBPs, black: proteins identified in input proteome only, italics: 
proteins not detected in input proteome. 
 
6.3.8.3 LIM-domain and cytoskeletal proteins 
Also captured were several proteins containing the LIM-domain, which consists of 
tandem zinc-finger structures. LIM domains are present in a wide range of eukaryotic 
organisms and have been shown to mediate protein-protein interactions (Kadrmas and 
Beckerle, 2004). We have captured four of the six Arabidopsis LIM genes in our RBP 
sets (Figure 6.11C). LIMs function in cytoskeleton organization by binding to actin 
filaments (Papuga et al., 2010; Ye and Xu, 2012), but have no known role in RNA-
binding. RNA transport along the cytoskeleton is a major mechanism of mRNA 
localization and requires motor proteins that move the RNA cargo in form of 
ribonucleoprotein (RNP) particles along the cytoskeletal tracks (Bullock 2011; Gagnon 
and Mowry, 2011; Jansen, 1999). Despite some well-studied examples in Drosophila and 
A 
C 
B 
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yeast (Bullock, 2011), relatively little is known about how RNPs are connected to the 
motor proteins in plants. LIM proteins might carry out this connecting role in plants 
thereby mediating mRNA transport along actin filaments.  
LIM proteins are not the only cytoskeletal proteins among the At-RBPs, as we have also 
captured actin and tubulin (Table 6.3, Figure 6.12), which form microfilaments and 
microtubules, respectively, the major components of the cytoskeleton. Actin is also 
present in the nucleus where its function is less well studied (Falahzadeh et al., 2015). 
Interestingly, in animals, nuclear actin was found to be part of hnRNPs, proteins that are 
involved in mRNA processing, export, localization and stability (Hofmann, 2009), but no 
such functional role is known of nuclear actin in plants.    
 
6.3.8.4 AQUAPORINs 
Curiously, also identified was a subset of aquaporin proteins, which belong to the well-
studied family of major intrinsic proteins (Figure 6.12, Table 6.3). These proteins form 
transmembrane channels that transport water, other small solutes and gases (Quigley et 
al., 2002; Biela et al., 1999; Gaspar, 2003; Holm et al., 2005; Uehlein et al., 2003), but 
there are no reports of aquaporins transporting or interacting with RNA. We found the 
plasma membrane intrinsic proteins (PIPs) PIP2;1, PIP2;2, PIP2;7 among the At-RBPs 
and PIP1;1, PIP1;2, PIP1;3 as well as the tonoplast intrinsic protein TIP1;2 in the 
candidate At-RBPs. Considering the ever expanding types of substrates assigned to 
aquaporins (Maurel et al., 2015), it is intriguing to speculate that RNAs, either as a protein 
template or as active signalling molecule, may also travel through aquaporins, similar to 
protein assisted cell-to-cell transport of RNA during virus infection (Peña and Heinlein, 
2013).   
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Figure 6.12: Novel Arabidopsis RBPs.  
Illustration of diverse functions of non-canonical RBPs in Arabidopsis. Green: proteins 
identified in At-RBPs, blue: proteins identified in candidate At-RBPs. 
 
 
6.3.8.5 Signal transduction and transcriptional control 
Other examples of well-characterized proteins identified as At-RBPs include several 
plant-specific proteins involved in major signal transduction pathways of etiolated 
seedlings (Table 6.3, Figure 6.12). Firstly, ETHYLENE-INSENSITIVE 2 (EIN2) was 
captured, which is a classic ethylene signalling protein expressed strongly in etiolated 
seedlings, in which ein2 mutants display the triple response of reduced apical hook 
formation, and elongated hypocotyl and roots. Independently validating our mRNA 
interactome data, EIN2 has recently been shown to bind to EIN3-BINDING F-BOX 1 
(EBF1) and EBF2 mRNA in the presence of ethylene, thereby promoting their 
translational repression and activating ethylene responsive genes (Li et al., 2015; 
Merchante et al., 2015).  
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Gene ID Protein name Protein domain Function FDR 
Cytoskeleton 
AT1G49240 
 
ACTIN 8 Actin 
Structural constituent of 
cytoskeleton 
2.49E-04 
 
AT1G04820 
AT4G20890 
Tubulin alpha-4 chain 
Tubulin beta-3 chain 
Tubulin 
Structural constituent of 
cytoskeleton 
6.63E-06 
9.47E-06 
Enzymes/metabolism 
AT1G20620 
 
Catalase-3 (CAT3) 
 
Catalase 
Catalyzes the breakdown of 
hydrogen peroxide (H2O2) into 
water and oxygen 
1.17E-03 
 
AT5G64100 Peroxidase 69 Peroxidase 
Uses H2O2 to catalyse 
oxidative reactions 
1.05E-04 
 
AT5G20250 
 
RAFFINOSE SYNTHASE 6 
(RS6) 
Raffinose_syn 
Involved in carbohydrate 
metabolism 
2.88E-04 
 
AT3G17390 
 
S-adenosylmethionine 
synthase 4 (METK4) 
S-adoMet_synt 
Biosynthesis of S-
adenosylmethionine 
1.97E-05 
 
AT5G63650 
 
Serine/threonine-protein 
kinase (SRK2G) 
Pkinase SNF1-related protein kinase 
3.96E-05 
 
AT2G32000 
 
DNA topoisomerase 
type IA 
Toprim 
DNA unwinding, involved in 
DNA replication 
4E-05 
 
AT4G14990 
 
Topoisomerase II-associated 
protein (PAT1) 
PAT1 Isomerase activity 
3.32E-03 
 
Membrane proteins/transport 
AT5G03280 
 
Ethylene-insensitive protein 2 
(EIN2) 
Nramp 
Involved in ethylene signal 
transduction 
3.58E-09 
 
AT4G27500 
 
Proton pump-interactor 1 
(PPI1) 
No annotated 
domains 
Interacts with H+-ATPase and 
regulates its activity 
6.85E-15 
 
AT1G20110 
 
FYVE DOMAIN PROTEIN 
REQUIRED FOR 
ENDOSOMAL SORTING 1 
(FREE1) 
FYVE 
Regulates multivesicular/ 
prevacuolar compartment 
protein sorting 
2.41E-04 
 
AT3G53420 Aquaporin PIP2-1 MIP 
Transport of water and small 
solutes 
2.09E-05 
AT2G37170 Aquaporin PIP2-2 MIP 
Transport of water and small 
solutes 
8.79E-03 
AT4G35100 Aquaporin PIP2-7 MIP 
Transport of water and small 
solutes 
5.44E-05 
AT2G38750 ANNEXIN 4 (ANN4) Annexin 
Ca2+ dependent membrane 
binding protein 
4.91E-07 
Photoreceptors 
AT1G09570 
 
Phytochrome A (PHYA) 
GAF;HATPase_C;
HisKA;PAS;PHY 
Red/far-red light photoreceptor 
1.49E-03 
 
AT3G45780 
 
Phototropin-1 (PHOT1) 
 
Pkinase Blue-light photoreceptor 
3.48E-03 
 
Miscellaneous 
AT5G56030 
 
Heat shock protein 90.2 
(HSP90.2) 
HSP90 
Molecular chaperone assisting 
in the synthesis and folding of 
proteins 
5.07E-03 
 
AT2G34040 
 
Apoptosis inhibitory protein 5 
(API5) 
API5 Unknown 4.81E-13 
AT1G10170 
 
NF-X1-type zinc finger protein 
(NFXL1) 
Zf-NF-X1 
Negative regulator of the 
trichothecene phytotoxin-
induced defense response 
1.81E-05 
 
AT2G42680 
Multiprotein-bridging factor 1A 
(MBF1A) 
HTH_3;MBF1 Transcriptional co-activator 2.7E-03 
AT2G32080 Purine-rich alpha 1 (PURA1) PurA Transcription factor 2.52E-09 
 
Table 6.3: Examples of non-canonical RBPs identified by mRNA interactome 
capture.  
List of non-canonical At-RBPs and their annotated protein domains, known functions 
and FDRs indicating enrichment in CL compared to noCL in mRNA interactome capture. 
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Another signalling protein among the At-RBPs is PHYTOCHROME A (PHYA), the 
primary red-light photoreceptor in seedlings that mediates many aspects of seedling de-
etiolation in response to light (Casal et al., 2014). PHYA has no previous association with 
RNA-binding, but wide-spread changes in alternative splicing were observed in 
phyA.phyB double mutants (Shikata et al., 2014) and PHYB has recently been found to 
regulate translation of mRNAs in the cytosol (Paik et al., 2012). Finally, a co-acting 
receptor of PHYA, the blue-light receptor PHOTOTROPIN 1 (PHOT1) that is required 
for the inhibition of hypocotyl growth during de-etiolation, was also detected by mRNA 
interactome capture. Similar to PHYA, PHOT1 has not been ascribed an RNA-binding 
function, however it is required for blue-light-mediated mRNA destabilization (Folta and 
Kaufman, 2003). Such interactions raise the possibility that these photoreceptors regulate 
post-transcriptional events via RNA-binding functions, or conversely, particular RNAs 
maybe regulating these receptors. Such exciting possibilities remain to be determined.  
A number of proteins in the At-RBP set have also been implicated in transcriptional 
control. Firstly, PURA1 (PURINE-RICH ALPHA 1) and AtNFXL1 are Arabidopsis 
homologs of known human transcription factors. PURA1 has been shown to interact with 
the 5’ region of many Arabidopsis genes (Tremousaygue et al., 1999) and AtNFXL1 is a 
NF-X1 type zinc finger protein. Additionally, MULTIPROTEIN BRIDGING FACTOR 
1A, a highly conserved transcriptional co-activator (Tsuda et al., 2004), is found in the 
At-RBP set as well as in human, mouse and yeast mRNA interactomes (Table 6.1). A 
number of transcription factors were previously identified in mammalian mRNA 
interactomes (Liao et al., 2016), setting up intriguing possibilities of RNA-binding being 
involved in the regulation of transcription. 
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6.3.8.6 Stress-related proteins 
We have also captured several stress- responsive proteins that have no RNA-related GO 
annotations, such as HEAT SHOCK PROTEIN 90.2 (HSP90.2; AT5G56030), which was 
identified in the At-RBPs, and HSP70.1 and HSP40, which was found in the candidate 
At-RBPs (Figure 6.12). These proteins are highly conserved molecular chaperones 
involved in protein folding, stability and activation (Wang et al., 2004). RNA-binding 
roles are not unprecedented for HSPs as mammalian HSP70 is able to bind to the 3’UTR 
of labile mRNAs (Henics et al., 1999) and NbHSP90 of Nicotiana bethamiana can 
interact with Bamboo mosaic virus genomic RNA enhancing its replication (Huang et al., 
2012). Moreover, HSP90 is involved in RNA interference in human and yeast (Wang et 
al., 2013) and has been captured in human, animal and yeast mRNA interactomes (Table 
6.1). Therefore, this protein is possibly a conserved RBP, although a direct RNA-binding 
function remains to be determined.  
Another example is Annexin 4 (ANN4), which is a member of a multigene family of 
Ca2+-dependent membrane-binding proteins (Laohavisit and Davies, 2011) (Figure 6.12, 
Table 6.3). ANN4 is involved in osmotic stress and ABA signalling in a Ca2+ -dependent 
manner (Lee et al., 2004), but has no prior association with RNA-binding. ECT1 and 
ECT2 have also been implicated in Ca2+ signalling, where they were shown to interact 
with Calcineurin B-Like-Interacting Protein Kinase 1 (CIPK1), the primary target of the 
Ca2+ sensor Calcineurin B-Like 1 (CBL1) (Ok et al., 2005). Furthermore, the RNA-
binding activity of CPSF30 is affected by the Ca2+-binding protein calmodulin (Delaney 
et al., 2006). These findings suggest that there might be a link between Ca2+ signalling 
pathways and RNA metabolism in plants.  
 
 
 
168 
 
6.3.8.7 Enzymes 
Finally, a number of metabolic enzymes were captured such as RAFFINOSE 
SYNTHASE 6 (RS6), which is involved in carbohydrate metabolism (Fujiki et al., 2001) 
(Figure 6.12). Additionally, S-ADENOSYLMETHIONINE SYNTHASE 4 (METK4) 
was identified, along with its closely associated homolog METK3 that was present in the 
candidate At-RBP set. DNA topoisomerase type IA, CATALASE-3, PEROXIDASE 69 
and the SNF1-RELATED PROTEIN KINASE 2.5 (SRK2G) were also present in the At-
RBP set (Figure 6.12, Table 6.3). It is tempting to speculate that these enzymes may be 
regulated by RNAs, altering their activities or specificities. Recent mRNA interactome 
data in higher eukaryotes revealed the striking aspect that many enzymes bear RNA-
binding functions (Castello et al., 2012; Beckmann et al., 2015; Liao et al., 2016; Matia-
Gonzalez et al., 2015). Elucidating such interactions may lead to the discovery of novel 
RNA-based regulatory mechanisms.  
 
6.3.9 mRNA interactome capture - a method for studying RNA-protein interactions 
in planta 
This study presents the first system-wide, in vivo analysis of proteins bound to mRNA in 
plants. We have identified 300 proteins with high confidence (FDR below 1%), which 
gives a snapshot of the extent of RNA-protein interactions occurring in etiolated 
seedlings. As the biological role is unknown for the vast majority of these At-RBPs, it is 
clear that our knowledge of post-transcriptional gene regulation of a plant is superficial 
at best. The successful development of interactome capture in planta will now allow us 
to analyse the dynamic nature of these interactions via the comparison of multiple 
interactomes from different tissues, developmental stages and environmental conditions 
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of intact living plants. Moreover, this study may facilitate the development of other 
methods based on UV cross-linking such as CLIP and variations thereof, long standing 
and widely utilized methodologies in animal cells (Ule et al., 2003), but as yet to be 
applied to plants. Development of such methodologies will be important to elucidate the 
RNA targets of RBPs, uncovering RBP networks and the true scope of post-
transcriptional gene regulation in plants. 
 
  
 
 
170 
 
 
 
 
 
 
 
CHAPTER 7 
Conclusions and perspectives 
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Post-transcriptional regulation is emerging as key factor in the control of gene expression, 
influencing virtually every aspect of mRNA metabolism. Once mRNAs are transcribed 
and transported to the cytoplasm, their fate is determined by RBPs and miRNAs, which 
interact with regulatory elements in the transcripts. The importance of these two players 
is highlighted by the phenotypes observed upon perturbation of the activity of selected 
RBPs and miRNAs (Jones-Rhoades et al., 2006; Lorkovic, 2009). The area of RBPs has 
been relatively ignored in plants, where we have only begun to scratch the surface. 
MiRNAs, on the other hand, have been given much more attention during the past decade, 
yet many of them are still uncharacterized in terms of their biological functions.  
 
In recent years, different approaches have been developed to study miRNA function 
including decoy methodologies such as SPs in animals and MIMs and STTMs in plants, 
which sequester miRNAs and thereby prevent them from regulating their primary targets. 
In this thesis, I have developed SPs for the use in plants and compared their efficacy to 
MIMs and STTMs. From this comparison, it is apparent that no one approach can be 
equally applied to all miRNAs guaranteeing the strongest inhibition of miRNA activity. 
Therefore, it is advisable to use multiple approaches when studying the function of a 
particular miRNA family. However, this is laborious and time-consuming, especially 
when working with non-model species or crops, where transformation is much more 
difficult than in Arabidopsis. Hence, it is crucial to improve the reliability of these decoy 
methods, for which obtaining a better understanding of how miRNAs recognize their 
targets will be vital.  
The limitations of solely relying on sequence complementarity to predict miRNA-target 
interactions are becoming increasingly obvious, as demonstrated not only by the 
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differences in decoy efficacies, but also by the poor accuracy of target prediction 
programs and the variable performance of artificial miRNAs (Deveson et al., 2013). 
However, while factors beyond complementarity have been studied quite extensively in 
animals, they are only starting to be given more consideration in plants. One of the few 
recent global studies on RNA secondary structure in plants has found that miRNA binding 
sites in the Arabidopsis transcriptome are generally less structured than their flanking 
regions, probably to keep the binding site accessible for miRNA regulation (Li et al., 
2012a). The study of the MYB33 stem-loop structures is consistent with this trend and 
provides the first concrete example in plants where a secondary structure is required for 
strong miRNA regulation. However, the question as to how the stem-loop structures 
render MYB33 sensitive for miR159 regulation still remains. It is likely that they are 
required to keep the miR159 binding site accessible; curiously, the SL structures appear 
to keep the part of the binding site that base pairs to the crucial seed region of the miRNA 
highly accessible based on secondary structure predictions. Yet, it cannot be ruled out 
that they function by interacting with other cellular factors. Furthermore, the stem-loop 
structures are based on in silico predictions and, even though predicted with high 
confidence, should be confirmed experimentally. To do this, methodologies such as DMS 
sequencing can be used, which allows to determine RNA secondary structures in vivo.  
How widespread this principle is in other plant miRNA targets remains to be determined. 
The putative RNA stem-loop element in the MYB33 gene is in a region that is not critical 
for MYB33 protein activity (Millar and Gubler, 2005); thus, sequence flexibly may have 
enabled this element to arise. However, many miRNA binding sites of plant targets are in 
the coding region of genes where there is also strong selection at the amino acid level, 
and therefore such flexibility may not be possible. This is also in contrast to animal 
miRNA binding sites which are overwhelmingly in the 3’-UTRs, where again, there will 
 
 
173 
 
be no constraints due to coding region issues. Nevertheless, given that the RNA secondary 
structure of the regions adjacent to the miRNA binding site was observed to be stronger 
than that of the binding site itself as a transcriptome-wide trend in Arabidopsis (Li et al., 
2012a), it is possible that secondary structure plays a role in multiple plant miRNA 
systems. Examining RNA secondary structure in validated targets of other miRNA 
families compared to computationally predicted targets that are poorly regulated, together 
with functional analysis, might give an indication of the structural requirements of a 
miRNA target site including its flanking regions, and provide new insights into the mode 
of miRNA target recognition.  
This would be crucial for improving methods to study miRNA function as well as miRNA 
target prediction programs, which typically overestimate the number of biologically 
relevant targets. Based on the large number of computationally identified target genes, it 
has been postulated that miRNAs are able to regulate tens or even hundreds of different 
targets. However, genetic studies paint a very different picture where phenotypic defects 
of miRNA mutants are typically rescued by the mutation of very few, in some cases even 
a single, target(s). This is not only true for miR159, which only regulates two out of the 
twenty predicted genes (Allen et al., 2007), but our recent analysis of the plant literature 
resulted in us hypothesising that most plant miRNAs have only very few functionally 
relevant target genes (Li et al., 2014b). Curiously, despite having many more predicted 
targets than in plants, this may also be the case for animal miRNA systems (Seitz 2009). 
Although it cannot be ruled out that subtle phenotypic effects caused by the deregulation 
of other targets have been overlooked in some cases, this suggests that the range of 
functional miRNA targets might be considerably more narrow than predicted. We argued 
that a likely contributing factor(s) are determinants beyond complementarity (Li et al., 
2014b). Given the long co-evolutionary relationship between many miRNA-target pairs, 
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it would seem more surprising if such factors had not arisen. I believe that determining 
the true scope of miRNA regulation will be an important, but technically challenging area 
of research in the future.   
Even though prediction programs can be improved by incorporating factors beyond 
complementarity, which has already been done for many programs predicting animal 
miRNA targets, predictions will never be entirely accurate because cellular components 
such as metabolites and RBPs are difficult to account for. Several RBPs have been 
identified in animals that can interact with miRNA target transcripts and either have 
synergistic or antagonistic effects on miRNA regulation (Bhattacharyya et al., 2006; 
Kedde et al., 2007; Kim et al., 2009). However, little is known about the interplay of 
RBPs and miRNA targets in plants, and their effects on miRNA regulation.  
The successful application of mRNA interactome capture in Arabidopsis as described in 
this thesis can now provide the basis for investigating such interactions. Using four-day-
old etiolated seedlings, we have identified more than 700 proteins as RNA-binding, 300 
of them with high confidence of which about 20% have no known RNA-binding function. 
This includes well studied proteins such as aquaporins, heat-shock proteins, enzymes and 
cytoskeleton proteins, which have well characterized functions but no previous links to 
RNA-binding. Additionally, several largely uncharacterized proteins have been captured 
such as ALBA proteins, DUF1296- and YTH-domain proteins. The latter family of 
proteins is likely to function in the regulation of the epitranscriptome by binding to m6A 
methylated RNA (Fray and Simpson, 2015). The epitranscriptome is a field still in its 
infancy, especially in plants, and it is likely that many more RBPs are involved in 
epitranscriptomic processes than is currently known. Apart from m6A methylation, which 
is the most abundant form of RNA modification, there are about 150 other known types 
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of RNA modifications in eukaryotes. However, whether they exist in plants, which 
functions they play and which components are involved still remains to be determined 
(Fray and Simpson, 2015).  
Our mRNA interactome study has not only led to the identification of many novel 
potential RBPs that now await further characterization, but also represents a 
methodological breakthrough, where for the first time in plants, in vivo UV cross-linking 
has been achieved in a system-wide approach. The mRNA interactome capture method 
can now be applied to other tissues, developmental stages, as well as to other plant species 
and under various stress conditions. Previous studies have found that stresses such as 
hypoxia, dehydration and sucrose starvation can influence mRNA translation (Kawaguchi 
et al., 2004; Branco-Price et al., 2008; Nicolai et al., 2006). Stresses can lead to dramatic 
changes in polysome loading resulting in only a select group of mRNAs being translated. 
This enables a rapid response, energy conservation and a focus on a subset of proteins to 
maximize stress survival. How this selective translation occurs for any kind of stress is 
still unknown, but RBPs are likely to be key players (Ambrosone et al., 2012). 
Comparison of mRNA interactomes performed under different conditions will enable the 
study of the dynamic nature of these RNA-protein interactions.  
 
From our rudimentary knowledge about plant RBPs, it appears that they carry out a 
diverse range of functions, which is in contrast to other post-transcriptional regulators 
such as miRNAs, whose only function is to silence their target transcripts. It is likely 
though that our current understanding only provides a glimpse of the actual regulatory 
repertoire of RBPs, as for the majority of them, including the ones identified in this thesis, 
their functions are yet to be determined. Even more elusive are the mechanisms of how 
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plant RBPs carry out their functions, which even for many well studied RBPs such as 
GR-RBPs remain largely unknown (Lorkovic, 2009). As a first step in elucidating this, it 
will be crucial to identify the RNA targets of RBPs and map the regions in the transcripts 
that they are bound to. To this end, CLIP-based analyses have been widely used in animal 
systems, but so far have not been applied to plants. Using the mRNA interactome capture 
protocol as a starting point, development of such approaches in plants should now be 
feasible, which will undoubtedly lead to significant advances in our understanding of 
post-transcriptional mechanisms in plants. 
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Appendix  
 
Decoy sequences 
Green: primer binding sites for qRT-PCR, Red: spacer, Black: miRNA binding site, 
Lower case: central mismatches/ 3nt bulge and corrected mismatches. 
 
wtSP159 
TGGAGCTCCCTTCATTCCAATAGTCTGGAGCTCCCTTCATTCCAATGACTTGGAGCTCCCTTCAT
TCCAATCTAGTGGAGCTCCCTTCATTCCAATTCGATGGAGCTCCCTTCATTCCAATACGTTGGA
GCTCCCTTCATTCCAATCGTATGGAGCTCCCTTCATTCCAATGCATTGGAGCTCCCTTCATTCCA
ATTACGTGGAGCTCCCTTCATTCCAATATAGTGGAGCTCCCTTCATTCCAATAGGCTGGAGCTC
CCTTCATTCCAATCGTGTGGAGCTCCCTTCATTCCAATACCACTTTGTACAAGAATGCTGTGTAT
GGAGCTCCCTTCATTCCAATGCCATGGAGCTCCCTTCATTCCAATACTATGGAGCTCCCTTCATT
CCAATTTGACTCAGCTTAGCATCTTGT 
 
cmSP159 (15x)   
TaGAGCTCCCcaCAaTCCAATAGTCTaGAGCTCCCcaCAaTCCAATGACTTaGAGCTCCCcaCAaT
CCAATCTAGTaGAGCTCCCcaCAaTCCAATTCGATaGAGCTCCCcaCAaTCCAATACGTTaGAGC
TCCCcaCAaTCCAATCGTATaGAGCTCCCcaCAaTCCAATGCATTaGAGCTCCCcaCAaTCCAATT
ACGTaGAGCTCCCcaCAaTCCAATATAGTaGAGCTCCCcaCAaTCCAATAGGCTaGAGCTCCCca
CAaTCCAATCGTGTaGAGCTCCCcaCAaTCCAATACCACTTTGTACAAGAATGCTGTGTATaGAG
CTCCCcaCAaTCCAATGCCATaGAGCTCCCcaCAaTCCAATACTATaGAGCTCCCcaCAaTCCAAT
TTGACTCAGCTTAGCATCTTGT 
 
wtSP165/166 
TTGGGATGAAGCCTGGTCCGGAGTCTTGGGATGAAGCCTGGTCCGGGACTTTGGGATGAAGC
CTGGTCCGGCTAGTTGGGATGAAGCCTGGTCCGGTCGATTGGGATGAAGCCTGGTCCGGACG
TTTGGGATGAAGCCTGGTCCGGCGTATTGGGATGAAGCCTGGTCCGGGCATTTGGGATGAAG
CCTGGTCCGGTACGTTGGGATGAAGCCTGGTCCGGATAGTTGGGATGAAGCCTGGTCCGGAG
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GCTTGGGATGAAGCCTGGTCCGGCGTGTTGGGATGAAGCCTGGTCCGGACCACTTTGTACAA
GAATGCTGTGTATTGGGATGAAGCCTGGTCCGGGCCATTGGGATGAAGCCTGGTCCGGACTA
TTGGGATGAAGCCTGGTCCGGTTGACTCAGCTTAGCATCTTGT 
 
cmSP165/166 (15x)  
ggGGGATGAAcgCTGGTCCGaAGTCggGGGATGAAcgCTGGTCCGaGACTggGGGATGAAcgCT
GGTCCGaCTAGggGGGATGAAcgCTGGTCCGaTCGAggGGGATGAAcgCTGGTCCGaACGTggG
GGATGAAcgCTGGTCCGaCGTAggGGGATGAAcgCTGGTCCGaGCATggGGGATGAAcgCTGGT
CCGaTACGggGGGATGAAcgCTGGTCCGaATAGggGGGATGAAcgCTGGTCCGaAGGCggGGG
ATGAAcgCTGGTCCGaCGTGggGGGATGAAcgCTGGTCCGaACCACTTTGTACAAGAATGCTGT
GTAggGGGATGAAcgCTGGTCCGaGCCAggGGGATGAAcgCTGGTCCGaACTAggGGGATGAAc
gCTGGTCCGaTTGACTCAGCTTAGCATCTTGT 
 
SP165/166 (15x MIM) 
GGGGAATGAATctaCCTGGTCCGAAGTCGGGGAATGAATctaCCTGGTCCGAGACTGGGGAAT
GAATctaCCTGGTCCGACTAGGGGGAATGAATctaCCTGGTCCGATCGAGGGGAATGAATctaC
CTGGTCCGAACGTGGGGAATGAATctaCCTGGTCCGACGTAGGGGAATGAATctaCCTGGTCC
GAGCATGGGGAATGAATctaCCTGGTCCGATACGGGGGAATGAATctaCCTGGTCCGAATAGG
GGGAATGAATctaCCTGGTCCGAAGGCGGGGAATGAATctaCCTGGTCCGACGTGGGGGAATG
AATctaCCTGGTCCGAACCACTTTGTACAAGAATGCTGTGTAGGGGAATGAATctaCCTGGTCC
GAGCCAGGGGAATGAATctaCCTGGTCCGAACTAGGGGAATGAATctaCCTGGTCCGATTGACT
CAGCTTAGCATCTTGT 
 
SP165/166 (15x MIM-MC) 
GGGGAATGAAGctaCCTGGTCCGAAGTCGGGGAATGAAGctaCCTGGTCCGAGACTGGGGAAT
GAAGctaCCTGGTCCGACTAGGGGGAATGAAGctaCCTGGTCCGATCGAGGGGAATGAAGcta
CCTGGTCCGAACGTGGGGAATGAAGctaCCTGGTCCGACGTAGGGGAATGAAGctaCCTGGTC
CGAGCATGGGGAATGAAGctaCCTGGTCCGATACGGGGGAATGAAGctaCCTGGTCCGAATAG
GGGGAATGAAGctaCCTGGTCCGAAGGCGGGGAATGAAGctaCCTGGTCCGACGTGGGGGAA
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TGAAGctaCCTGGTCCGAACCACTTTGTACAAGAATGCTGTGTAGGGGAATGAAGctaCCTGGT
CCGAGCCAGGGGAATGAAGctaCCTGGTCCGAACTAGGGGAATGAAGctaCCTGGTCCGATTG
ACTCAGCTTAGCATCTTGT 
 
STTM159 
AAGAGCTCCCTcaaTCAATCCAAAGTTGTTGTTGTTATGGTCTAATTTAAATATGGTCTAAAGAA
GAAGAATAAGAGCTCCCTcaaTCAATCCAAA 
 
STTM165/166 
GGGGGATGAAGctaCCTGGTCCGAGTTGTTGTTGTTATGGTCTAATTTAAATATGGTCTAAAGA
AGAAGAATGGGGAATGAAGctaCCTGGTCCGA 
 
 
 
Primer table I  
Name Template Sequence 5’-3’  Purpose 
MYB33 F-total At5g06100 TCGTCATCTCCTCCACACTCTG qRT-PCR of total MYB33 
MYB33-F At5g06100 CCAGATAGCCATACCCCTACG qRT-PCR of uncleaved MYB33 
MYB33-R At5g06100 CCTCGGATTTAGTTTGGGATAC qRT-PCR of total/ uncleaved MYB33 
MYB65-F At3g11440 GATGATGGTTCCTGATAGCC qRT-PCR of uncleaved MYB65 
MYB65-R At3g11440 AGGCATCAACAGAGTCAAGG qRT-PCR of uncleaved MYB65 
CP1-F At3g45310 GGGACTTCGGAGTAATTGTTTTT qRT-PCR of uncleaved CP1 
CP1-R At3g45310 CAAAAGCCTCAGTCCCTTGT qRT-PCR of uncleaved CP1 
TCP4-1325F At3g15030 TGGTTTGATCCTCACCATCATCAC qRT-PCR of uncleaved TCP4 
TCP4-1426R At3g15030 GATTCCGGGGATTGCTGATTGGTG qRT-PCR of uncleaved TCP4 
PHB-F At2g34710 CCAGCAGGACTCCTTTCTATA qRT-PCR of uncleaved PHB 
PHB-R At2g34710 TTGCGCGAAATAGCGACTATG qRT-PCR of uncleaved PHB 
PHV-F At1g30490 GTGATGTTAACAACCAGCTA qRT-PCR of uncleaved PHV 
PHV-R At1g30490 GTTGCGTGAAACAGCTACGAT qRT-PCR of uncleaved PHV 
REV-F At5g60690 GAGACTTTGGCAGAGTTCCTATCC qRT-PCR of uncleaved REV 
REV-R At5g60690 GCTAACAAGACCACAGGCTCG qRT-PCR of uncleaved REV 
CRN-FM At1g52150 GATGCTAGTCCTGCAGGACTT qRT-PCR of uncleaved ATHB-15 
CRN-RM At1g52150 CCACACCAGTGCAACCATGA qRT-PCR of uncleaved ATHB-15 
MIM-F At3g09922 (IPS1) AGAAGGCTGATTCAGACTGCG qRT-PCR of MIM RNA 
MIM-R At3g09922 (IPS1) GATACATAATCTGCTGATTCCGAGG qRT-PCR of MIMRNA 
Sponge primer FW Sponge expression vector ACCACTTTGTACAAGAATGCTGTG qRT-PCR of sponge RNA 
Sponge primer RV Sponge expression vector ACAAGATGCTAAGCTGAGTCAA qRT-PCR of sponge RNA 
Cyclo-F At2g29960 TGGACCAGGTGTACTTTAATGG qRT-PCR of reference gene 
Cyclo-R At2g29960 CCACTGTCTGCAATTACGACTTTG qRT-PCR of reference gene 
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Primer table II
Name Template Sequence 5’-3’  Purpose 
Sponge binary vector 
sequencing 
wtSP159, cmSP159, wtSP165/6 
expression vectors 
AAGGAATTATCGAACCAC Sequencing of wtSP159, cmSP159, wtSP165/6 in binary vector 
Sponge 165/166 
primer 
cmSP165/166 expression vector GCCAAGCTATCAAACAAGT Sequencing of cmSP165/166 in binary vector 
MIM165/166 
MIM165/166 and MIM159 expression 
vectors 
GGTTATTCATCTTTTAGGGG Sequencing of MIM159 and MIM165/166 in binary vector 
MYB33-1F MYB33 expression vector TTCCTTGGGACATTTTCG Sequencing of MYB33 m/rSL1+2, mMYB33 rSL1+2  
MYB33-2F MYB33 expression vector GTTGTGGGCTTTTCTTTAG Sequencing of MYB33 m/rSL1+2, mMYB33 rSL1+2 
MYB33-3F MYB33 expression vector GTATTTTCCTTAGCCTGG Sequencing of MYB33 m/rSL1+2, mMYB33 rSL1+2 
MYB33-4F MYB33 expression vector GCTGCTGATGATAATGGAAG Sequencing of MYB33 m/rSL1+2, mMYB33 rSL1+2 
MYB33-5F MYB33 expression vector CTGGGGAGTTGTGAATCT Sequencing of MYB33 m/rSL1+2, mMYB33 rSL1+2 
MYB33-6F MYB33 expression vector GGGGAGAAGAGTCAGATTT Sequencing of MYB33 m/rSL1+2, mMYB33 rSL1+2 
MYB33-7F MYB33 expression vector CTTGGCGATGACATAGGA Sequencing of MYB33 m/rSL1+2, mMYB33 rSL1+2 
MYB33-8F MYB33 expression vector AGACAGAGAGCATAAATAAAA Sequencing of MYB33 m/rSL1+2, mMYB33 rSL1+2 
mMYB33 rSL1+2 F MYB33 rSL1+2 entry vector CTGGCTCGAATTGCCAAGCTTTCAGTATTCAGAAACAACATTTGACCAG Mutation of MYB33 rSL1+2 entry vector to mMYB33 rSL1+2 entry vector 
mMYB33 rSL1+2 R MYB33 rSL1+2 entry vector CTGAATACTGAAAGCTTGGCAATTCGAGCCAGACTACCTCATATAAAGG Mutation of MYB33 rSL1+2 entry vector to mMYB33 rSL1+2 entry vector 
mMYB101 SL1+2 F MYB101 SL1+2 entry vector CCTTGGAGCTTCCAAGCAATCAGCGACCGACCCATTCGTTCAGTTC Mutation of MYB101 SL1+2 entry vector to mMYB101 SL1+2 entry vector 
mMYB101 SL1+2 R MYB101 SL1+2 entry vector CGGTCGCTGATTGCTTGGAAGCTCCAAGGCGTTACTACCTATTTGGTA Mutation of MYB101 SL1+2 entry vector to mMYB101 SL1+2 entry vector 
mMYB81 SL1+2 F MYB81 SL1+2 entry vector GTTTCGAATTTCCAAGCTTTCAGTATCATGAAGAGCCTGGCGG Mutation of MYB81 SL1+2 entry vector to mMYB811 SL1+2 entry vector 
mMYB81 SL1+2 R MYB81 SL1+2 entry vector CATGATACTGAAAGCTTGGAAATTCGAAACTGTAAGCTGCATGAAG Mutation of MYB81 SL1+2 entry vector to mMYB811 SL1+2 entry vector 
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